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ABSTRACT 
 
 
QUANTUM CALCULATIONS OF ALDOL CONDENSATION IN 
ACIDIC ZEOLITES  
 
SEPTEMBER 2015 
 
ANGELA N. MIGUES 
B.S., UNIVERSITY OF NORTH FLORIDA 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Directed by: Professor Scott M. Auerbach 
 
 We have used Density Functional Theory to model the mixed aldol condensation 
reaction catalyzed by acidic zeolites. We have studied the convergence of barriers for the 
keto-enol tautomerization of acetone in cluster models of HZSM-5 and HY ranging in 
size from 3-37T.  A key finding was that activation barriers for keto-enol tautomerization 
of acetone in both zeolites (~20 kcal/mol) are significantly higher than those for the 
condensation reaction between the acetone enol and formaldehyde in 11T cluster models 
of HZSM-5 and HY. Moreover we found that three zeolite clusters of HZSM-5, similarly 
sized but including different structural features of the zeolite framework, gave very 
different activation barriers.  These results indicated that a more rigorous approach to 
constructing cluster models of zeolites was needed.  
 We have developed two different approaches to build cluster models of zeolites 
and used two acid-zeolite-catalyzed processes related to the conversion of biomass as 
platforms to systematically investigate cluster-size convergence. Our central finding is 
that clusters generated with multi-centered spherical cutoffs yield converged reaction 
	   ix	  
energies with smaller system sizes than clusters generated by counting framework bonds. 
The delta approach to constructing finite clusters of zeolite crystals provides a well-
defined prescription and employs a single length scale (δ = 5 Å) to converge reaction 
energies to within chemical accuracy (±1 kcal/mol).  
 Although reaction energies were convergent at δ = 5 Å, it is not clear that a single 
length scale is sufficient to converge activation barriers. We used two reaction systems as 
platforms to establish convergence of activation barriers using delta clusters. We find that 
a δ ≥ 4 Å cutoff is sufficient to converge activation barriers to within chemical accuracy 
(±1 kcal/mol). After convergence was established, we studied the acid-zeolite-catalyzed 
mixed aldol condensation of acetone with more biomass-relevant aldehydes, such as 
hydroxymethyl furfural and furfural, in δ = 4 Å clusters of HZSM-5. We have found that 
the mechanism for condensation in HZSM-5 is concerted, unlike that of the 
homogeneous acid catalyzed mechanism. Ultimately, we conclude that the keto/enol 
tautomerization of acetone remains rate-determining in the case of condensation with 
formaldehyde, furfural or hydroxymethyl furfural in HZSM-5.  
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CHAPTER 1 
 
INTRODUCTION  
 
 
The dependence of the global economy on petroleum, partnered with limited 
supply and environmental concerns, have increased the urgency for developing cellulosic 
biofuels as a renewable, carbon-neutral fuel source1. Biomass refinement often begins 
with conversion of a cellulosic biomass source to oxygenated intermediates, which can 
then be catalytically processed to yield biofuels or biomass-based chemicals2-4. Although 
progress has been made in streamlining these processes, many production methods 
remain too inefficient or environmentally unfriendly for wide-scale substitution of 
petroleum. The mixed aldol condensation represents an example of such a process for 
upgrading biomass-derived species. This reaction forms a new carbon-carbon bond 
between, e.g., acetone and formaldehyde (Fig. 1.1), effectively lengthening the 
hydrocarbon chain by joining together smaller, molecular components. Ultimately 
converting smaller oxygenates to larger feedstocks suitable for producing fuels and 
chemicals.  
 
 
 
The complete homogeneous acid-catalyzed1mixed aldol condensation actually 
consists of three steps: (i) keto/enol tautomerization, (ii) condensation between the enol 
and aldehyde, and (iii) elimination of water to yield an olefin5-7. Throughout our work, 
 
Figure 1.1: The acid-catalyzed aldol reaction between acetone and formaldehyde (HA is a 
general acid catalyst).  	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we refer to the first step as ‘tautomerization’ and the second as ‘condensation.’ Since we 
focus on carbon carbon bond formation, we do not consider the third step. The reaction 
including steps one and two is referred to throughout as the mixed aldol condensation. 
The homogeneous acid-catalyzed keto-enol tautomerization mechanism begins 
with the rate-determining tautomerization step, followed by condensation to form the new 
carbon-carbon bond1,4 (see Fig. 1.2) . Homogeneous acid catalysis, using corrosive 
solutions, lacks product selectivity and produces environmentally hazardous chemical 
waste. Growing concerns about the environmental impacts of such caustic solvents has 
sparked a movement toward more green heterogeneous catalysts. In recent years, due to 
their tunable acid sites and controllable properties, zeolites have emerged as promising 
solid catalysts for aldol condensation reactions1,4. Running aldol condensations in 
nanoporous catalysts such as acidic zeolites can both mitigate the costs and 
environmental impacts of large-scale acidic/caustic processing,1,4 and may confer new 
and useful selectivities over product formation8-10. 
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Figure 1.2: Reaction mechanism for the liquid phase, acid-catalyzed aldol reaction between 
acetone and formaldehyde. The first step is the keto-enol tautomerization of acetone (I) and 
the second step (II) is carbon-carbon bond formation. 
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Zeolites are microporous, alumino-silicates composed of TO4 (T = Si or Al) 
subunits, which form larger 3-dimensional structures consisting of channels, 
intersections, and cages11. Several properties of zeolites distinguish them from other solid 
catalysts; these include the molecular-sized dimensions of the pores, the strong Brønsted 
acid sites, and the hydrothermal stabilities allowing relatively facile catalyst 
regeneration11,12. The polar nature of the Si-O bond and the presence of charges in some 
zeolites can impose relatively strong electric fields on adsorbed guests and as such, 
confinement of guest molecules within zeolite pores can perturb guest electronic 
structures and constrain reactive geometries, hence influencing (increasing or decreasing) 
rates for reaction paths that occur outside the zeolite8,10,12,13. However, it remains unclear 
whether confinement in zeolite nanopores alters the conventional mechanism of aldol 
condensation and if the second step of acid-catalyzed aldol condensation – the 
bimolecular combination step – can proceed rapidly in such a restricted space. We 
hypothesize that in the confined space of the zeolite pore, the condensation step will 
become rate-determining once the size of the guest molecules approaches the size of the 
pore.  
In our work we will focus on this issue.  It is our objective to address the 
following key questions: 
• How do acid zeolites catalyze aldol condensation reactions? 
• How does the mechanism change? 
• How do acid zeolites with different pore structures catalyze these 
processes? 
• How are barriers affected as the size of the guest molecule approaches the 
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size of the zeolite pore? 
 
 Relatively few computational studies of zeolite catalysis have investigated aldol 
chemistry, and these have focused on the tautomerization step5-6. For example, 
computational work by Boekfa et al.5 on acetone tautomerization in acid zeolites HFER, 
HZSM-5, and HMCM-22 suggests that relative strengths of host-guest hydrogen-bonding 
interactions with Brønsted acid sites at reactant (adsorbed acetone) and transition state are 
critical for determining activation energies. Tautomerization activation energies and 
endothermic reaction energies were found to increase with decreasing zeolite pore size, 
as smaller pores perturb host-guest hydrogen bonding5. However, in the study by Boekfa 
et al. the condensation step was not investigated, and only a few zeolite atoms were 
allowed to relax. Also, though Boekfa et al. performed calculations on relatively large 
(“34T”) zeolite clusters, there was no study of convergence with respect to system size, 
leaving open the question of an optimal cluster size for future calculations.   
We employ finite cluster models of zeolite crystals to investigate the energetics 
underlying aldol condensation in acidic zeolites.  Several alternative computational 
methods exist for treating long-range zeolite-guest interactions. Periodic density 
functional theory (DFT) codes such as VASP14 have proven useful for zeolites with small 
unit cells15-17, but calculations quickly become intractable for larger zeolites with, e.g., 
FAU (e.g., zeolite HY) or MFI (HZSM-5) structure types.18 The QM-Pot approach19-20 
reported by Sauer and coworkers treats long-range interactions efficiently by mixing 
quantum and molecular mechanics (MM) calculations,21-22	  although this approach often 
relies on using DFT to parameterize the MM portion, which can be a cumbersome 
process. Other approaches for mixing quantum mechanics and force field calculations, 
	   6	  
generally denoted as QM/MM methods, have been applied to study reactions in 
zeolites.23-26 However, QM/MM approaches may exhibit numerical instabilities when 
computing transition states,27 potentially limiting their usefulness. In contrast, cluster 
calculations are relatively simple to apply to a wide range of zeolites28.  
As such, finite cluster models of zeolite crystals have been extensively employed 
to understand reactive and adsorptive processes in zeolites of various framework types.29 
Convergence with respect to zeolite cluster size is possible despite the presence of long-
range interactions, because the slowly varying, long-range contributions to reaction and 
activation energies—energy differences between nearby configurations—essentially 
cancel for large enough but finite cluster sizes30. It is not obvious, however, how large 
zeolite clusters need to be for such cancellation to occur.  
The above concerns suggest the following questions:  
• How do we construct finite cluster models of zeolite crystals that properly 
capture the essential chemistry? 
• How big is ‘big enough’?	  
 Below we describe the results of our work. First we present our work modeling 
mixed aldol condensations in acid zeolites, HZSM-5 and HY. Here we investigate the 
energetics underlying aldol condensation for medium- and large-pore zeolites HZSM-5 
and HY, respectively, to determine if pore size alters the conventional mechanism of 
aldol condensation.  We focus on converging activation barriers for the keto-enol 
tautomerization of acetone with respect to cluster size of HY and HZSM-5, finding 
different convergence properties for the two zeolites. Ultimately, we will show that the 
keto-enol tautomerization of acetone is rate-determining in the overall condensation 
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reaction with formaldehyde in HZSM-5 and HY. Next we performed systematic 
computational tests on zeolite cluster models in search of simple rules that govern 
system-size convergence of zeolite-guest interactions. We will show that our approach to 
building cluster models of zeolite crystals provides a well-defined prescription for 
constructing finite cluster models of zeolites and requires a single length scale. Next, we 
will locate transition states for the mixed aldol condensation reaction in cluster models of 
HZSM-5 constructed according to the delta approach.  We will show that activation 
barriers for both keto-enol tautomerization of acetone and subsequent condensation with 
formaldehyde converge with respect to increasing cluster size.   Lastly, we will present 
our results modeling the condensation step with more biomass-relevant aldehydes, 
furfural and hydroxymethyl furfural (HMF). We will show that, unlike homogenous acid 
catalysis, the condensation mechanism in HZSM-5 is concerted. Ultimately, we will 
show that keto-enol tautomerization of acetone remains rate-determining in the 
condensation reaction with all aldehydes studied. 
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CHAPTER 2  
 
DENSTIY FUNCTIONAL THEORY STUDY OF MIXED ALDOL 
CONDENSATION CATALYZED BY ACIDIC ZEOLITES HZSM-5 AND HY 
 
 
2.1 Introduction  
In the present study we applied clusters to model the aldol condensation of 
acetone and formaldehyde catalyzed by zeolites HZSM-5 and HY, important examples of 
medium- and large-pore zeolites. Although biomass-derived aldehydes such as furfural 
are more industrially relevant8, our study of formaldehyde condensation with acetone 
establishes key methodological parameters for our future computational study of furfural 
condensation. Our calculations below on both zeolites corroborate the homogeneous-
phase mechanism, involving slow keto/enol tautomerization and fast condensation. We 
thus seek to converge the keto/enol activation energy for both acid zeolites with respect 
to cluster size. We note that such convergence is possible despite the presence of long-
range contributions to host-guest interactions. This is because when computing activation 
energies – energy differences between nearby configurations – the slowly varying, long-
range contributions essentially cancel for large enough but finite cluster sizes30. The 
question remains whether HY and HZSM-5 keto/enol barriers converge at similar cluster 
sizes. We address this below, finding that HY barriers converge faster than those of 
HZSM-5. The system-size study of barriers in HZSM-5 reported below suggests two 
regimes: a small-to-medium cluster regime, possibly mimicking catalysis at Brønsted 
acid sites on external surfaces of an HZSM-5 crystallite, and a medium-to-large cluster 
regime capturing intracrystalline catalysis. This intracrystalline regime was found to 
emerge only after Brønsted acid-site partial charges reach plateau values, suggesting a 
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new approach for establishing convergence with respect to zeolite cluster size.  
2.2 Methods  
2.2.1 Zeolite Models 
In this study, we used cluster methods to model the acid-catalyzed aldol 
condensation between acetone and formaldehyde in HZSM-5 and HY clusters of various 
sizes. In general, we specify cluster size by indicating the number of tetrahedral atoms (Si 
or Al) in a given cluster. For example, an “11T” cluster contains one Al atom and ten Si 
atoms (in addition to several oxygens and hydrogens). The designation 11T does not give 
the precise atom count, connectivity, or three-dimensional structure of a cluster). Rather, 
the notation 11T gives a rough sense of cluster size compared to, e.g., 20T or 37T. 
We don’t use QM/MM embedded cluster methods below because of numerical 
instabilities we have encountered during transition state searches with such embedded 
clusters27. Nor do we use periodic plane wave approaches because of the very large unit 
cells in HZSM-5 (“MFI” structure type) and HY (“FAU” structure type) zeolites18. 
Instead, we apply the medium-sized clusters shown in Fig. 2.1A (HZSM-5) and Fig. 2.1B 
(HY) to efficiently investigate the relative energetics of the tautomerization and 
condensation kinetics in both zeolites. Such clusters capture approximately half the 
HZSM-5 pore intersection and the HY supercage, and may be viewed as providing rough 
models of Brønsted acid site catalysis on external zeolite surfaces. We performed a 
cluster-size convergence study using clusters in the range 3T-37T for both zeolites. Such 
a study allows comparison of system-size convergence between HY and HZSM-5, and 
investigation of the role of “completing a pore” versus converging electronic properties 
such as acid-site charge. 
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Figure 2.1: (A) HZSM-5 zeolite cluster and (B) HY zeolite cluster, where the 11T cluster is shown 
as ball and stick with the extended framework as wire mesh; the 11T cluster used shown inset, where 
oxygen numbers are defined for consistency with those in HY. For comparison between active sites 
in HY and HZSM-5, we denote the two active oxygens as O1 and O2 in both structures; these are 
not the crystallographically-sanctioned labels in HZSM-5. 
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Zeolite clusters used in this study were extracted from the X-ray crystallographic 
data of Czjzek et al.31 for HY, and of van Koningsveld et al. for HZSM-532. Here we 
employ the common nomenclature that zeolite rings with n T-atoms are denoted n-rings. 
The HY framework structure is comprised of a tetrahedral network of roughly spherical 
cages, each connected to four adjacent cages through 12-ring windows of nominal 
diameter ~7.4 Å18. In contrast, HZSM-5 features 10-ring channels running along the 
crystallographic b-axis, which intersect with 10-ring sinusoidal channels running along 
the a-axis, all of which exhibit a diameter of about 5.5 Å18. The cluster models of HZSM-
5 were all constructed at the intersection of the 10-ring straight and sinusoidal channels, 
and were built around the Brønsted acid site between Si(2) and Si(8), centered on O(13) 
(see Fig. 2.1A)23.  Due to its proximity to the intersection, O(13) is a catalytically relevant 
site23. The HY cluster models were centered on O(1) in the 12-ring window with the 
Brønsted acid site pointed directly into the supercage (see Fig. 2.1B). The applicability of 
the O(1) site as the Brønsted acid site was previously determined to be a catalytically 
relevant position30. We note in Figs. 2.1A and 2.1B that the two active oxygens, O(13) 
and O(1) in HZSM-5 and HY respectively, are denoted as O1 in both structures for ease 
of comparison between active sites in HY and HZSM-5; these are not the 
crystallographically-sanctioned labels.  
 In general we seek to terminate all zeolite clusters with fixed OH groups to mimic 
the electronic environment of zeolites. However, doing so may introduce strong steric 
effects between capping hydrogens.  We found such steric overlaps, e.g., in the 11T 
HZSM-5 cluster shown in Fig. 2.1A. The 11T HZSM-5 cluster model shown in Fig. 2.1A 
was thus terminated at silicon atoms with capping hydrogens placed along the vector 
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towards nearest-neighbor oxygens at an Si-H bond distance of 1.4 Å and subsequently 
frozen. In the 11T HY cluster, shown in Fig. 2.1B, terminal framework oxygens were 
capped with hydrogens, placed in the location of the next framework silicon atom at an 
O-H bond distance of 0.9 Å and subsequently frozen. In HY the two silicon atoms at the 
top of the 12-ring window were ‘capped’ with hydrogens instead of hydroxyl subunits to 
minimize spurious hydrogen bonding at the edge of the cluster. Restraining terminal 
atoms mimics the covalent footprint of the zeolite framework structures. 
Our cluster convergence study involved the following cluster sizes for HZSM-5 
and HY: 
• HZSM-5 (11 clusters): 3T, 5T, 9T, 11T, 15T, 20T, 20Tʹ, 21T, 26T, 30T, 
37T 
• HY (9 clusters): 3T, 5T, 7T, 9T, 11T, 13T, 15T, 20T, 30T. 
We note that three similarly-sized cluster models of HZSM-5, shown in Figure 2.2, have 
been expanded differently around the same Brønsted acid site. In the first cluster model 
(denoted I) the 10-ring window belonging to the straight channel has been completed and 
parts of the extended straight channel are included, comprising 20T total size. In the 
second (II) the 10-ring from the sinusoidal channel has been completed and augmented 
further with three 5-rings, giving a total size of 21T. The third cluster (III) represents the 
intersection of straight and sinusoidal channels, in which both 10-ring windows are 
completed to comprise a 20T cluster size. These three clusters turn out to play an 
important role in the transition of keto/enol barriers from a small-to-medium plateau 
regime, to a medium-to-large intracrystalline regime. 
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Figure 2.2: Three HZSM-5 cluster models of similar size. A) cluster I is a 20T model of 
the 10-ring straight channel; B) cluster II is a 21T model of the 10-ring sinusoidal 
channel with added pentasil rings; C) cluster III is a 20T construction of two 10-rings at 
the intersection of straight and sinusoidal channels (looking down straight channel); D) 
side view of cluster III. Images rendered using Maestro33. 
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2.2.2 Computational Details 
The B3LYP hybrid density functional was used with the 6-311G(d,p) basis set as 
implemented with the Gaussian0934 suite in all calculations presented herein35,36. This 
model chemistry has been previously shown by Fermann et al.30 to capture ~90% of 
activation barriers for proton transfer processes in zeolites.  We thus expect similar 
performance in describing acid-catalyzed aldol chemistry. Dispersion corrections using 
the Grimme37 approach, as implemented in the Jaguar38 computational chemistry 
software suite, were applied to all structures (reported in Section 2.3.4); these were not 
found to qualitatively influence the computed trends, likely because of the importance of 
site-specific hydrogen-bonding in zeolite-catalyzed aldol chemistry. Atomic charges were 
calculated using the Merz-Kollman procedure to reproduce the electrostatic potential39,40. 
When optimizing geometries and searching for transition states, all atoms in the zeolite 
clusters were allowed to relax except for terminal “capping” hydrogens on either silicon 
(HZSM-5) or oxygen (HY) atoms, which were fixed. 
To reduce computational cost a semi-empirical, PM641, approach was used to 
quickly explore plausible transition state conformations. Prior to locating all transition 
states a constrained optimization was performed, in which atoms thought to be involved 
in the reaction coordinate were frozen, allowing the remaining atoms to relax. Previous 
computational work on keto/enol acetone tautomerization5 suggested likely reaction 
coordinates for this step. In particular, the zeolite protonates the acetone carbonyl while 
the methyl group donates a proton. As such the acetone carbonyl oxygen, methyl carbon, 
the two involved protons and the zeolite O1 and O2 atoms (see Fig. 2.1 for oxygen 
labels) were frozen at various configurations along a likely reaction coordinate, yielding 
different initial conditions for full transition state searches. For the second step, our 
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previous experience and chemical intuition suggested that the enol would react with the 
adsorbed formaldehyde at a carbon-carbon distance of about ~2.6 Å, forming the new 
carbon-carbon bond while simultaneously donating a proton (from acetone to the zeolite) 
and accepting a proton (from the zeolite to the formaldehyde carbonyl). 
These constrained optimizations were followed by unconstrained transition state 
searches. All transition states were located using the Berny Optimization algorithm42, 
confirmed as first order saddle points by normal mode analysis (NMA), and by steepest-
descent calculations to confirm that transition states connect with desired reactant and 
product minima. NMA was performed on all minima to confirm that they are true minima 
with all real vibrational frequencies. Confirmed transition states were then used as initial 
transition state geometries in higher-level calculations using B3LYP. Once found in a 
given smaller cluster, the corresponding transition state structures were then used as 
initial geometries in larger cluster sizes. Energetics corrected by zero-point vibrational 
energy and free energy corrections are provided in the Section 2.3.4; these corrections 
were not found to change any of the computed trends. 
 
2.3 Results and Discussion 
Here we report our results for the mixed aldol condensation reaction between 
acetone and formaldehyde in three main parts. In Sec. 2.3.1, we report the step-wise, gas-
phase (uncatalyzed) mixed aldol condensation; Sec. 2.3.2 details the acid zeolite-
catalyzed mixed aldol condensation in 11T models of HZSM-5 and HY; and Sec. 2.3.3 
describes the convergence of keto/enol tautomerization barriers with respect to cluster 
size, with analysis of acid-site atomic charges to rationalize the cluster-size dependence 
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of activation energies. 
 
2.3.1 Gas-Phase, Uncatalyzed Mixed Aldol Condensation 
The gas-phase tautomerization of acetone, having been previously investigated 
computationally,5 is used herein to establish the applicability of our model chemistry, and 
to provide a baseline for understanding the catalytic chemistry. A concerted mechanism 
for enol formation has been previously established5, 43-45 46 and hypothesized to be the 
rate-determining step in the overall reaction6. 
Figure 2.3 shows the potential energy diagram for the gas-phase tautomerization 
of acetone. The B3LYP/6-311G(d,p) activation energy is 68.2 kcal/mol and the reaction 
energy is 12.7 kcal/mol. These results agree well with the previously calculated activation 
and reaction energies computed by Boekfa et al.5 of 68.0 and 9.9 kcal/mol, respectively, 
using the M06-2X functional47-48. Our results also agree well with energies computed 
using 2nd order Möller-Plesset perturbation theory with 6-31G**//cc-pvtz and 6-31G** 
basis sets,45,46 which give activation energies of 64.0 and 69.2 kcal/mol, respectively, and 
reaction energies of 11.6 and 13.1 kcal/mol. Moreover, the calculated reaction energy is 
in reasonable agreement with the experimental gas-phase enthalpy of 10 ± 2 kcal/mol, 
measured by gas phase ionization of suitable precursors45,46. 
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Figure 2.3:  Bare electronic energy profile (kcal/mol) and the molecular structure of the gas phase, 
uncatalyzed tautomerization of acetone.. Reactant state (acetone), transition state and product state 
(acetone enol) are illustrated above. 
	   18	  
 Figure 2.4 shows the potential energy diagram for the gas-phase condensation 
between the acetone enol and formaldehyde. The activation energy is calculated to be 
15.0 kcal/mol, with a reaction energy of –22.0 kcal/mol. The gas-phase barrier for 
condensation is significantly less than that for tautomerization, consistent with the notion 
that tautomerization is the rate-determining step in the gas phase. 
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Figure 2.4:  Bare electronic energy profile (kcal/mol) and the molecular structure of the gas 
phase, uncatalyzed condensation between acetone enol and formaldehyde. Reactant state 
(acetone enol and formaldehyde), transition state and product state (aldol) are illustrated 
above. 
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2.3.2 Mixed Aldol Condensation Catalyzed by Acid Zeolites 
Next we discuss the mixed aldol condensation catalyzed by acid zeolites HZSM-5 
and HY in 11T cluster models. In both zeolites mixed aldol condensation begins with the 
adsorption and subsequent tautomerization of acetone at the Brønsted acid site. Boekfa et 
al. has previously modeled acetone tautomerization in HZSM-5 using cluster methods5. 
 
2.3.2.1 Tautomerization Catalyzed by HZSM-5 and HY 
Figures 2.5A and 2.5B show potential energy diagrams for the tautomerization of 
acetone in HZSM-5 and HY, respectively. The activation energies in 11T cluster models 
of HZSM-5 and HY are 28.1 and 19.3 kcal/mol, respectively. These results are consistent 
with the trend found by Boekfa et al. of decreasing activation energy with increasing pore 
size5.  However, our computed activation energy in the 11T cluster model of HZSM-5 is 
significantly higher than the value of 20.5 kcal/mol calculated by Boekfa et al. using a 
34T cluster5. The convergence of activation energies with respect to cluster size will be 
discussed in detail in the next section. 
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Figure 2.5: Bare electronic energy profile (kcal/mol) and molecular structures for the 
tautomerization of acetone in an 11T cluster model of HZSM-5 (A) and HY (B) obtained at the 
B3LYP/6-311G(d,p) model chemistry. Reactant state (acetone), transition state and product 
(acetone enol) are shown in both.   
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We wish to be careful not to over-interpret geometrical details of these 11T 
calculations because of the relatively small size of these clusters. However, in the 
cluster convergence study detailed in the next section, we find that the 11T HY cluster 
is essentially converged with respect to system size, while the 11T HZSM-5 cluster is 
characteristic of a plateau regime that may mimic catalysis on external HZSM-5 
surfaces. As such, we seek to understand key differences in HY and HZSM-5 geometric 
and electronic structures in these 11T clusters. 
The tautomerization barriers from our 11T cluster models are controlled by 
relative strengths of hydrogen bonding at the Brønsted acid site. In HY the barrier is 
lower than in HZSM-5 due to stronger hydrogen bonding at the Brønsted acid site in 
the HY transition state. To understand the origin of this hydrogen bonding difference 
we consider distances, angles, and charges. In particular, the intermolecular 
O(3)Hz…O(1) distances (see. 2.5 for atom labels) at the transition states are similar in 
both HY and HZSM-5, while the O(3)-Hz…O(1) complex is slightly more linear in the 
11T model of HY (168.3°) than it is in HZSM-5 (163.2°). As such, the HY 
O(3)Hz…O(1) hydrogen bond may be somewhat less sterically hindered than it is in 
HZSM-5. Perhaps more important is the acid-site charge, which correlates with 
hydrogen-bonding strength. We have computed acid-site charge in the bare zeolite 11T 
cluster models by summing the ESP charges from O2-Al-O1-Hz atoms (see labels in 
Fig. 2.1), finding active-site charges of  +0.17 in HZSM-5 and +0.34 in HY, correlating 
with a lower barrier in HY. In the next section we expand our analysis of active site 
charge as it relates to convergence with respect to cluster size. 
The data in Figs. 2.5A and 2.5B also show that the tautomerization reaction is 
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less endothermic in the 11T model of HY compared to the 11T HZSM-5 cluster, 
because of stronger hydrogen bonding of the adsorbed enol in HY. The enol in HY 
exhibits an O(1)…Hz distance of 1.78 Å (see Fig. 2.5 for atom labels) and an O(1)…Hz-
O(3) angle of 164.9°, as compared to 2.55 Å and 128.5° in HZSM-5. These findings 
suggest that subtle differences in zeolite cluster models can produce significant 
differences in host/guest hydrogen bonding properties. 
 
2.3.2.2 Condensation Catalyzed by HZSM-5 and HY 
After acetone tautomerization produces the activated enol, a new carbon-carbon 
bond forms in the condensation reaction with formaldehyde. The zeolite-catalyzed 
reaction begins with co-adsorption of the reactant pair in the zeolite framework. The 
potential energy diagrams for condensation catalyzed by HZSM-5 and HY are shown in 
Figs. 2.6A and 2.6B, respectively.  
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Figure 2.6: Bare electronic energy profile (kcal/mol) and molecular structures for the condensation 
between the acetone enol and formaldehyde in an 11T cluster model of HZSM-5 (A) and HY (B) 
obtained at the B3LYP/6-311G(d,p) model chemistry. Reactant pair (acetone enol and 
formaldehyde), transition state and product (aldol) are shown in both.   	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The activation energies in these 11T cluster models of HZSM-5 and HY are 2.0 
kcal/mol and 0.4 kcal/mol, respectively. The condensation barriers in HZSM-5 and HY 
are thus significantly lower than those for the uncatalyzed, gas-phase condensation, and 
also substantially smaller than the barriers for zeolite-catalyzed tautomerization. These 
11T cluster models suggest that acetone tautomerization remains the rate-determining 
step of acetone/formaldehyde mixed aldol condensation even in zeolite pores. Because of 
the substantial difference in these tautomerization and condensation barriers, we find it 
extremely unlikely that this conclusion will change for larger clusters. We note that 
considering zeolite catalysis of mixed aldol condensation between larger guest molecules 
such as the more industrially relevant acetone/furfural may change this mechanistic 
picture; we will report on this in Chapter 4. We now proceed to study the convergence of 
acetone tautomerization barriers with respect to cluster size. 
 
2.3.3 Cluster Size Convergence of Acetone Tautomerization in HZSM-5 and HY 
Conventional wisdom in zeolite cluster modeling suggests that completing a pore 
surrounding a given active site is sufficient to capture the effect of guest molecule 
confinement. To test this assumption, we investigate the dependence of acetone 
tautomerization barriers on HZSM-5 and HY cluster sizes.  The previously computed 
acetone tautomerization barrier in HZSM-5 of 20.5 kcal/mol, obtained by Boekfa et al. 
with a relatively large cluster model (34T), serves as a comparison point for our HZSM-5 
study5. Figure 2.7 shows the dependence of the acetone tautomerization barriers with 
respect to increasing cluster size in both HZSM-5 and HY zeolites. The activation 
energies in HZSM-5 and HY exhibit different dependencies on system size. In particular, 
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convergence in HY is achieved at smaller system sizes (9T-11T) compared to HZSM-5 
(26T), where larger clusters were found to be necessary to establish convergence. 
 In HY activation energies converge rapidly to ~19 kcal/mol for cluster sizes in the 
range 9T-11T. To our knowledge, activation energies for acetone tautomerization in HY 
have not been determined, neither experimentally nor theoretically. However our 
computed activation energy compares well to the value obtained in zeolite MCM-22,5 
which contains 12-rings as does HY. In contrast, for HZSM-5 we found two distinct 
regimes in Fig. 2.7, involving clusters larger or smaller than ~20T. For HZSM-5 clusters 
larger than 20T, acetone tautomerization barriers converge to 20.5 kcal/mol, which agrees 
essentially perfectly with the previously determined value from Boekfa et al. 5 For 
HZSM-5 clusters smaller than 20T, we observe in Fig. 2.7 a broad plateau of barriers at 
the significantly higher value of  ~27 kcal/mol. The stability of this broad plateau region 
suggests the possibility that this regime is chemically relevant, e.g., to catalysis on 
HZSM-5 external surfaces. We will investigate this possibility in future work. 
Figure 2.7 also shows that there are three similarly sized HZSM-5 clusters 
connecting these two regimes, with activation energies spanning the range of ~20-28 
kcal/mol. Although these clusters are similar in size, they are structurally distinct in that 
each has been expanded about the Brønsted acid site in a different manner (see Fig. 2.2). 
We recall that cluster I includes a 10-ring from the straight channel; cluster II comprises a 
10-ring from the sinusoidal channel with additional pentasil rings; and cluster III involves 
the intersection of the two 10-rings.   
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Figure 2.7: The dependence of keto/enol tautomerization bare electronic activation energy 
with respect to system size in both HZSM-5 and HY zeolites. Two distinct regimes in 
HZSM-5 are labeled A & B. 
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The activation energy from cluster I agrees with the 11T cluster model, 
demonstrating that completion of a 10-ring surrounding an active site in HZSM-5 may be 
insufficient to converge reaction barriers. The barrier from cluster III agrees well with 
those from larger clusters such as 30T and 37T, making cluster III the smallest cluster 
representing the intracrystalline regime. These results beg the following question: which 
system property governs barriers in cluster models of zeolites? Our analysis of the 11T 
clusters above suggests that active-site charge is a key property to consider.  
Figure 2.8 shows the dependence of total active-site charge with respect to (A) 
system size and (B) activation energies, in both HZSM-5 and HY. The total charge was 
obtained by summing ESP charges of individual atoms in the active sites (O2-Al-O1-Hz) 
of the bare zeolites without guest molecules. In HZSM-5, the total charge on the active 
site becomes increasingly positive with respect to increasing cluster size (Fig. 2.8A), with 
a step increase for the critical clusters I, II, and III discussed above. Figure 2.8 also shows 
that as positive charge accumulates on the HZSM-5 active site, activation energies 
decrease (Fig. 2.8B) because of increasing host-guest hydrogen-bond strength. I.e., the 
charge of the active site is directly related to its acidity and thus to the strength of 
hydrogen bonding between the guest and Brønsted acid site. In HY a different trend is 
observed; active-site charge very weakly decreases with increasing cluster size (Fig. 
2.8B), with no discernable correlation to activation barriers (Fig. 2.8B). 
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Figure 2.8: Dependence of active-site charge with respect to (A) system size and (B) bare 
electronic activation energy in both HZSM-5 and HY, where I, II, and III denote similarly-
sized cluster models of HZSM-5 (defined previously in Sec. 2.1). The dashed line and 
circles appearing in (A) and (B) were added to serve as a visual aid.	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These results suggest that sheer zeolite cluster size may be an insufficient 
criterion for converging barriers with respect to system size. The correlation between 
active-site charge in bare zeolite clusters, and resulting activation energy, suggests a new 
criterion for converging barriers with respect to zeolite cluster size. This approach is 
especially promising considering that determining active-site charges in bare zeolites 
does not require transition state searches, which can be computationally expensive.  
 
2.3.4. Thermodynamic Energy Corrections 
 Dispersion corrections using the Grimme37 approach, as implemented in the 
Jaguar38 computational chemistry software suite, were applied to all structures (see 
Tables 2.1-2.8) these were not found to qualitatively influence the computed trends, 
likely because of the importance of site-specific hydrogen-bonding in zeolite-catalyzed 
aldol chemistry. 
 In the following tables, all energy correction terms were extracted from the 
normal mode analyses of the optimized reactant, transition, and product state at 298.15 K 
and 1atm. Final computed reaction and activation energies are reported within 0.1 
kcal/mol, while individual corrections are reported to 0.01 kcal/mol accuracy to avoid 
round-off errors.  
 Outputs from Gaussian0934 calculations include corrections to bring bare 
electronic energies to enthalpies and Gibbs free energies.  Both of these corrections 
contain the zero-point vibrational energy correction, and the Gaussian Gibbs correction 
also contains the enthalpic correction.  We wish to specify each of these corrections 
separately.  To avoid double (and sometimes triple) counting each of these contributions, 
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we define the corrections in a way different from the Gaussian output.  Our scheme 
below shows how we take Gaussian outputs to compute the individual corrections. 
 
The full enthalpy of activation (∆𝐻!"#) presented herein was obtained using the following 
calculation scheme: 
 ∆𝐻!"# = ∆𝑉!"#!  + ∆𝐷3 + ∆𝑉!"#$  +  ∆𝐻!"##, where               (1) 
 ∆𝑉!"#!     =   𝑉!‡–      𝑉!!,                              (2) 
 ∆𝐷3  = 𝐷3!‡–   𝐷3!!,                              (3) 
 ∆𝑉!"#$   =   𝑉!"#$‡ –      𝑉!"#$! , and                           (4) 
 
 ∆𝐻!"## = 𝐻‡ − 𝐻!, where 𝐻‡ = 𝐻!"##‡ −   𝑉!"#$‡  and 𝐻! = 𝐻!"##! –  𝑉!"#$! ,           (5) 
 
where  𝑉!‡ and   𝑉!! are the electronic ground state energies of the transition and reactant 
state, respectively, and 𝐷!‡ and   𝐷!! are the respective Grimme1 Dispersion corrections. 
Enthalpy corrections are shown as  𝐻!"##‡  and 𝐻!"##!  and	   zero	   point	   vibrational	   energy	  
(ZPVE)	  corrections,	    𝑉!"#$‡ 	  and	    𝑉!"#$! .	  
 
The full Gibbs free energy of activation (∆𝐺!"#) was obtained in a similar fashion as 
follows:  
 ∆𝐺!"# = ∆𝑉!"#!  + ∆𝐷3 + ∆𝑉!"#$  +  ∆𝐻!"## + ∆𝐺!"## , where 
 ∆𝐺!"## = 𝐺‡ − 𝐺!, where 𝐺‡ = 𝐺!"##‡ –  𝐻!"##‡  and 𝐺! = 𝐺!"##! –  𝐻!"##! , 
 
where ∆𝑉!"#! , ∆𝐷3, ∆𝑉!"#$  , and  ∆𝐻!"## were defined previously in equations (2)-(5) and 𝐺!"##‡ and 𝐺!"##!  are the free energy corrections, respectively. 
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The full enthalpy (∆𝐻!"#) and Gibbs free energy (∆𝐺!"#) of reaction were obtained in a 
similar manner using corrections corresponding to the product state, instead of the 
transition state (‡). Gas phase corrections were also computed according to this scheme, 
excluding dispersion corrections,  
 
2.3.4.1 Energy corrections for all HZSM-5 clusters 
 Table	  2.1:	  Activation	  energy	  corrections	  (kcal/mol)	  at	  298.15	  K	  for	  the	  keto/enol	  tautomerization	  of	  Acetone	  in	  HZSM-­‐5. 	  
Cluster 
Size 
∆𝑉!"#! 	   ∆𝐷3	   ∆𝑉!"#$  	   ∆𝐻!"## 	   ∆𝐺!"## 	   ∆𝐻!"# 	   ∆𝐺!"# 	  
3 27.1	   -­‐2.05	   -­‐2.45	   -­‐0.91	   3.22	   21.7	   24.9	  
5 26.9	   -­‐2.71	   -­‐1.81	   -­‐1.12	   4.01	   21.2	   25.2	  
9 26.5	   -­‐1.66	   -­‐1.80	   -­‐0.85	   2.54	   22.2	   24.7	  
11 28.1	   -­‐3.14	   -­‐1.29	   -­‐1.00	   3.57	   22.7	   26.3	  
15 27.6	   -­‐2.67	   -­‐1.35	   -­‐0.99	   3.03	   22.6	   25.6	  
20 (I) 27.9	   -­‐0.32	   -­‐1.44	   -­‐0.92	   2.56	   25.2	   27.8	  
21 (II) 18.1	   -­‐0.96	   -­‐0.31	   -­‐0.70	   2.06	   16.1	   18.1	  
20  (III) 22.6	   -­‐2.22	   -­‐1.29	   -­‐0.85	   2.59	   18.3	   20.8	  
26 19.2	   -­‐1.98	   -­‐1.79	   -­‐0.15	   1.64	   15.3	   17.0	  
30 21.4	   0.59	   -­‐1.06	   -­‐0.95	   3.01	   20.3	   23.3	  
37 20.0	   -­‐0.93	   -­‐1.73	   -­‐0.64	   1.13	   16.7	   17.9	  	  Table	  2.2:	  Reaction	  energy	  corrections	  (kcal/mol)	  for	  the	  keto/enol	  tautomerization	  of	  Acetone	  in	  HZSM-­‐5.	   	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  
Cluster 
Size 
∆𝑉!"#!  ∆𝐷3 ∆𝑉!"#$   ∆𝐻!"## ∆𝐺!"## ∆𝐻!"# ∆𝐺!"# 
3 23.3 -2.09 0.67 -0.52 2.24 21.4 23.6 
5 25.0 -2.62 0.80 -0.70 2.88 22.5 25.4 
9 21.0	   -­‐1.24	   0.74	   -­‐0.49	   1.63	   20.0	   21.6	  
11 24.7 -1.90 1.04 -0.47 2.00 23.4 25.4 
15 25.6 -2.21 1.05 -1.11 2.55 23.3 25.9 
20 (I) 25.0 0.23 0.97 -0.48 1.50 25.7 27.2 
21 (II) 12.4 -0.72 2.10 -0.31 1.07 13.4 14.5 
20 (III) 21.6 -2.05 0.97 -1.06 2.30 19.5 21.8 
26 15.5 -1.59 0.82 0.26 0.97 15.0 16.0 
30 17.4 0.48 1.21 -0.37 1.22 18.7 19.9 
37 18.4 -0.98 0.71 -0.25 0.13 17.9 18.0 
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 Table	  2.3:	  Energy	  corrections	  (kcal/mol)	  for	  the	  condensation	  reaction	  between	  formaldehyde	  and	  acetone	  enol	  in	  an	  11T	  cluster	  model	  of	  HZSM-­‐5.	  	  	  
 
 
	  
	  
 
2.3.4.2 Energy corrections for all HY clusters 
 Table	  2.4:	  Activation	  energy	  corrections	  (kcal/mol)	  for	  the	  keto/enol	  tautomerization	  of	  Acetone	  in	  HY. 
 
 
 
 
 
 	  	  	  	  	  	  	  Table	  2.5:	  Reaction	  energy	  corrections	  (kcal/mol)	  for	  the	  keto/enol	  tautomerization	  of	  Acetone	  in	  HY.	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
 ∆𝑉! ∆𝐷3 ∆𝑉!"#$   ∆𝐻!"## ∆𝐺!"## ∆𝐻 ∆𝐺 𝑉!"#   2.0 -1.41 -0.58 -1.18 3.30 -1.17 2.13 𝑉!"# -26.1 -0.04 2.62 -0.97 2.35 -24.45 -22.11 
Cluster 
Size 
∆𝑉!"#!  ∆𝐷3 ∆𝑉!"#$   ∆𝐻!"##  ∆𝐺!"##  ∆𝐻!"#  ∆𝐺!"# 
3 21.4 -1.65 -2.25 -0.94 3.38 16.6 20.0 
5 22.1 -1.26 -2.27 -0.73 2.35 17.9 20.2 
7 19.1 -0.69 -2.16 -0.73 1.88 15.6 17.4 
9 19.1 -1.17 -1.97 -0.86 2.60 15.1 17.7 
11 19.3 -1.04 -1.86 -1.00 2.56 15.4 18.0 
13 19.1 -1.01 -2.00 -0.87 2.49 15.2 17.7 
15 19.1 -0.99 -1.96 -0.87 2.61 15.3 18.0 
20 20.9 -1.36 -1.94 -0.84 2.50 16.8 19.3 
30 21.2 -1.34 -1.46 -0.84 2.60 17.6 20.2 
Cluster 
Size 
∆𝑉!"#!  ∆𝐷3 ∆𝑉!"#$   ∆𝐻!"##  ∆𝐺!"##  ∆𝐻!"#  ∆𝐺!"# 
3 17.9 -1.68 0.75 -0.51 2.20 16.5 18.7 
5 18.5 -1.21 0.49 -0.31 1.21 17.5 18.7 
7 15.6 -0.58 0.58 -0.28 0.63 15.4 16.0 
9 16.2 -0.68 0.81 -0.43 1.24 16.0 17.2 
11 16.4 -0.54 0.95 -1.17 2.03 15.6 17.7 
13 16.2 -0.95 0.81 -0.50 1.58 15.6 17.2 
15 16.5 -0.95 0.81 -0.49 1.64 15.9 17.5 
20 19.1 -1.31 0.58 -0.41 1.19 18.0 19.2 
30 20.3 -1.28 0.81 -0.47 1.66 19.4 21.0 
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Table	  2.6:	  Energy	  corrections	  (kcal/mol)	  for	  the	  condensation	  reaction	  between	  formaldehyde	  and	  acetone	  enol	  in	  an	  11T	  cluster	  model	  of	  HY.	  	  	  	   	  	  	  	   	  	  	  	  	  	  	  	  	  
	  
	  
	  
	  
	  
	  
2.3.4.3	  Energy	  corrections	  for	  gas-­‐phase,	  uncatalyzed	  reaction	  
	  Table	  2.7:	  Energy	  corrections	  (kcal/mol)	  for	  the	  gas-­‐phase	  keto/enol	  tautomerization	  of	  acetone.	   	  	  	  	  	  Table	  2.8:	  Energy	  corrections	  (kcal/mol)	  for	  the	  gas-­‐phase	  condensation	  reaction	  between	  formaldehyde	  and	  acetone	  enol.	   	  	  	  	  	  	  	  	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 ∆𝑉! ∆𝐷3 ∆𝑉!"#$   ∆𝐻!"##  ∆𝐺!"##  ∆𝐻 ∆𝐺 𝑉!"#   0.37 -0.70 -1.00 -0.66 1.58 -2.00 -0.42 𝑉!"#  -25.4 1.17 2.73 -0.53 0.94 -22.05 -21.10 
 ∆𝑉! ∆𝑉!"#$   ∆𝐻!"##  ∆𝐺!"##  ∆𝐻 ∆𝐺 𝑉!"#   68.2 -3.36 -0.38 1.27 64.4 65.7 𝑉!"#  12.7 0.76 -0.37 1.54 13.1 14.7 
 ∆𝑉! ∆𝑉!"#$   ∆𝐻!"##  ∆𝐺!"##  ∆𝐻 ∆𝐺 𝑉!"#   15.0 -0.71 -1.42 4.12 12.9 17.0 𝑉!"#  -22.0 2.92 -1.16 3.46 -20.2 -16.8 
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2.4 Summary and Concluding Remarks 
We have applied DFT to model the mixed aldol condensation reaction between 
acetone and formaldehyde in HY and HZSM-5 acid zeolites. This reaction is an 
important prototypical carbon-carbon bond-forming reaction, requiring study to optimize 
biofuel and biomass-based chemical production processes. We have applied the 
B3LYP/6-311G(d,p) model chemistry and have computed all relevant energy corrections; 
i.e., Grimme dispersion, zero-point vibrational energy, enthalpy, and free energy 
corrections. We have studied this mixed aldol condensation in two steps: tautomerization 
and condensation, and have shown that both HY and HZSM-5 greatly reduce the 
activation energies of both steps relative to the gas-phase barriers, through extensive 
zeolite-guest hydrogen bonding. Using cluster models with 11 tetrahedral atoms (“11T” 
clusters) for both zeolites, we have found that acetone keto/enol tautomerization remains 
the rate-determining step of this mixed aldol condensation in zeolites, consistent with the 
mechanism in homogeneous acid catalysis. 
We have examined the convergence of acetone tautomerization barriers with 
respect to cluster size for both HY and HZSM-5 zeolites. We considered cluster sizes 3T-
30T for HY, and 3T-37T for HZSM-5. For HY, this barrier was found to converge 
relatively rapidly to ~20 kcal/mol for a cluster of size 11T, which does not complete the 
HY supercage. In contrast, the tautomerization barrier in HZSM-5 was found to reach an 
initial plateau value of ~28 kcal/mol for clusters in the broad range 3T-20T. For HZSM-5 
clusters larger than 20T, well beyond the completion of an HZSM-5 10-ring, the acetone 
tautomerization barrier converges to ~20 kcal/mol. The smallest HZSM-5 cluster that 
produces the converged barrier includes 10-rings from both straight and sinusoidal 
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HZSM-5 channels. We speculate that the breadth and stability of the 3T-20T plateau for 
HZSM-5 may indicate chemical relevance for this higher activation energy, pertaining 
possibly to zeolite catalysis on Brønsted acid sites on external surfaces of HZSM-5. 
Further study is required to investigate this idea. 
Our results show that completing a zeolite pore surrounding a Brønsted acid site 
may be insufficient to converge activation energies, especially for HZSM-5. We found 
instead a strong correlation between active-site charge – summing ESP charges over O2-
Al-O1-Hz atoms in bare zeolites – and the corresponding acetone tautomerization barrier, 
especially for HZSM-5. The active-site charge convergence criterion is especially 
promising because determining active-site charges in bare zeolites does not require 
transition state searches. More research is required to determine why the dependence of 
active-site charge on cluster size is different for different zeolite frameworks.  
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CHAPTER 3  
ON THE RATIONAL DESIGN OF ZEOLITE CLUSTERS  
 
3.1 Introduction  
In Chapter 2 we used cluster models of zeolites to model the mixed aldol 
condensation reaction between acetone and formaldehyde catalyzed by HZSM-5 or HY. 
Finite cluster models of zeolite crystals have been extensively employed to understand 
reactive and adsorptive processes in zeolites of various framework types.29 Convergence 
with respect to zeolite cluster size is possible despite the presence of long-range 
interactions, because the slowly varying, long-range contributions to reaction and 
activation energies—energy differences between nearby configurations—essentially 
cancel for large enough but finite cluster sizes30. It is not obvious, however, how large 
zeolite clusters need to be for such cancellation to occur. In the present study, we perform 
systematic computational tests on zeolite cluster models in search of simple rules that 
govern system-size convergence of zeolite-guest interactions. Notably missing in the 
literature is a systematic method for constructing optimal zeolite clusters. The challenge 
thus remains to determine optimal cluster sizes, and perhaps more important, to 
determine optimal methods for building optimal clusters.  
Here we address this issue by applying DFT to compute reaction energies for two 
processes relevant to the zeolite-catalyzed conversion of biomass: (1) the keto-enol 
tautomerization of acetone (Fig. 3.1A), which is the rate-limiting step in aldol 
condensation, 29 and (2) the protonation and ring opening of furan (Figs. 3.1B and 3.1C, 
respectively), which are initial steps in biofuel production via the catalytic fast pyrolysis 
of cellulose.49-50  
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Figure 3.1: Reactions for (A) keto/enol tautomerization of acetone, (B) protonation of furan, and 
(C) ring opening of furan. 	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3.2 Methods  
3.2.1 Reaction Processes 
 To elucidate the general principles that may guide cluster construction, we 
investigate four reactant-product pairs. The first two systems arise from the rate-
determining step in the zeolite catalyzed aldol condensation between acetone and 
formaldehyde (Fig. 3.1A).29 These are 
1. Acetone (reactant) and enol (product) adsorbed in HZSM-5. 
2. Acetone (reactant) and enol (product) adsorbed in HY. 
In the final two systems, the reactant is furan adsorbed in HZSM-5. The products are: 
3. Positively-charged derivative of furan, protonated at the C2 position (shown in 
Fig. 3.1B). 
4. Neutral ring-opened species (shown in Fig. 3.11C).  
Both of these furan derivatives are key intermediates in the HZSM-5 catalyzed 
conversion of furan to benzofuran, 27 which leads to biofuel production via the catalytic 
fast pyrolysis of cellulose. We focus herein on computing reaction energies instead of 
activation energies for the following two reasons: first, for computational ease as we 
consider below systems with as many as 166 T-atoms; second, the insights from the 
present study extend to the convergence rates of activation energies as well. To see why, 
we note that when computing energy differences between nearby guest configurations, 
the convergence rate of the long-range component (arising from electrostatics) depends 
on how much the charge distributions differ – the greater the difference, the bigger the 
cluster required to converge the energy difference. Perhaps the most demanding case 
involves a neutral reactant that becomes a charged product (or vice versa). We have 
	   40  	  
considered precisely this situation as shown in Fig. 3.1B, and as such our study elucidates 
the relevant aspects of zeolite cluster convergence for catalytic studies.  
 To investigate the issue of charge distributions, we consider a variety of reactions 
in Fig. 3.1 including neutral → neutral and neutral → charged processes, to test whether 
the presence of charge influences convergence properties of zeolite clusters.  We develop 
two distinct and simple approaches for rational construction of zeolite clusters. One 
approach pays homage to the anisotropic nature of zeolite structures, by counting 
framework bonds from a Brønsted acid-site aluminum atom. The other approach is based 
on including zeolite atoms that fall within multi-centered spherical cutoffs, and hence is 
more isotropic in nature. We demonstrate below that the approach using multi-centered 
spherical cutoffs exhibits both smoother convergence, and convergence at smaller system 
sizes.  In addition, we find that a 5-Å cutoff is sufficient to converge a variety of reaction 
energies as long as the cutoff is measured from all relevant reactant, product, and active-
site atoms. 
 
3.2.2 Zeolite Models 
 Guest molecule coordinates are taken from previously optimized clusters in our 
earlier studies. 27, 29 Zeolite clusters are carved out from the periodic crystal, terminated at 
either Si or O, and capped with hydrogen atoms.31,32 The Si-H bond lengths were set to 
1.4 Å, while O-H bond lengths were set to 0.9 Å.  As in our previous work (see Chapter 
2) 27, 29, the Brønsted acid site in HZSM-5 was chosen to be O(13), located at the 
intersection of the straight and zig-zag channels. The HY cluster models were centered on 
O(1) in the 12-ring window with the Brønsted acid site pointed directly into the 
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supercage. The applicability of the O(1) site as the Brønsted acid site was previously 
determined to be a catalytically relevant position.30 
 We have systematically expanded the zeolite clusters in the following two ways: 
(i) by counting framework bonds (so-called “n-bond” clusters) and (ii) by applying multi-
centered spherical cutoffs (so-called “delta” or “d” clusters), as described below. 
 
3.2.2.1 N-bond Clusters 
 N-bond clusters were constructed by including all framework atoms that are 
within n bonds from the Brønsted acid-site aluminum atom, where n ranges from 1 to 11 
(illustrated in Figure 3.2 for n = 3 and 5). This method requires no a priori knowledge of 
guest molecule coordinates, and guarantees the construction of well-connected zeolite 
clusters with no dangling atoms. 
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Figure 3.2: Illustration of an n-bond cluster of HZSM-5, where furan and protonated furan are 
shown as guest molecules. The tubes correspond to n= 3 and n = 5 is shown as wire mesh (shown 
from the perspective looking down the intersection of the 10T straight and 10T zig-zag channels). 	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3.2.2.2 Delta Clusters 
 Alternatively, a zeolite cluster can be defined on the basis of proximity to the 
reacting atoms, e.g., relevant guest configurations and the Brønsted acid site. However, 
care must be taken to produce well-connected clusters, as described below. In particular, 
the delta approach is based on the following two-step procedure: (i) include all zeolite 
atoms that fall within the union of several spheres – all with the same radius δ – but 
centered at the following various points: Brønsted acid site oxygen atoms, and each 
reactant and product guest atom (see Fig. 3.3A). This approach requires initial guesses for 
adsorbed reactant and product geometries, which may be obtained relatively cheaply with 
low level pre-optimizations. (ii) If a framework atom A does not fall within the spherical 
cutoffs in step (i), but is bonded to two atoms that are included in step (i), atom A is 
included in the delta cluster. The delta method ensures that the cluster includes 
framework atoms that interact most strongly with the guest molecules. The final cluster 
used in computations is defined as the union set of all framework atoms selected in steps 
(i) and (ii) above (see Fig. 3.3B). This procedure has been implemented systematically 
with an automated script using the Schrödinger Python API, and is available from 
Schrödinger. 
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Figure 3.3: (A) Illustrated scheme for constructing delta cluster of HZSM-5 where carbon 
monoxide (CO) is used as an example guest molecule. The three spheres centered on guest C, 
guest O, and zeolite acid site O (all with the same radius, d = 5 Å), are represented by different 
colors. The union set of the three spheres, plus four required connecting atoms (see text), 
yields the resultant delta cluster shown in (B), where CO has been removed for clarity, and 
dangling bonds have been capped with hydrogens. 
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3.2.3 Computational Details 
 We seek to understand the convergence of long-range interactions in zeolitic host-
guest systems with respect to zeolite cluster size. To this end, we calculate single-point 
energy differences between the product and reactant states as a function of n and δ in n-
bond and delta clusters, respectively. The single-point calculations ensure that atomic 
positions remain constant across clusters, hence providing rigorously comparable 
systems. Therefore, the cluster size dependence of the energy differences can be solely 
attributed to the convergence of long-range interactions. This procedure has the added 
advantage of being fast enough that a large number of clusters can be evaluated to discern 
convergence trends. For example, a single-point calculation on the 78T HZSM-5 n-bond 
cluster required ~6 hours while an optimization on the same system required ~160 hours. 
We also geometry-optimize selected clusters to confirm the relevance of the single-point 
energy differences based on our previously published work on these reaction systems. In 
these optimizations, terminal –H and –OH groups were frozen in their crystallographic 
positions; all other atoms were free to move. 
 The B3LYP35 hybrid density functional was used with the 6-311G(d,p) 36basis set 
as implemented with the electronic structure program Jaguar38.  This model chemistry has 
been previously shown by Fermann et al. to capture ~90% of activation energies for 
proton transfer processes in zeolites30. Moreover, accurate barriers for the acid-catalyzed 
aldol chemistry were recently using this model chemistry.29 We have determined the 
Gibbs energies of reaction in select delta clusters within the harmonic oscillator 
approximation, and have also implemented dispersion corrections using the Grimme24 
approach (see Section 3.3.5); these were not found to influence the reported trends.  
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3.3 Results and Discussion 
 Here we report the outcome of two different approaches for the rational 
construction of cluster models of zeolite crystals. First, we analyze and compare the 
differences between the two approaches for different reaction systems; (1) the keto/enol 
tautomerization of acetone in HZMS-5 and HY zeolites; (2) the protonation of furan; and 
(3) the ring opening of furan in HZSM-5. Then, we describe a general protocol for 
systematically constructing cluster models of zeolite crystals.  
 
3.3.1 Acetone Tautomerization in Clusters of HZSM-5 and HY 
 The tautomerization of acetone in both HZSM-5 and HY follows a concerted 
mechanism and begins with the adsorption of acetone to the zeolite Brønsted acid site.29 
Once acetone is adsorbed, the zeolite acid site protonates the carbonyl oxygen while the 
adjoining methyl carbon is deprotonated, thereby regenerating the zeolite catalyst.29  
Figure 3.4 shows single-point energy differences and optimized reaction energies for this 
reaction in both zeolites. Figures 3.4A and 3.4B demonstrate convergence for the HY n-
bond and delta clusters, respectively.  Figures 3.4C and 3.4D show the corresponding 
data for HZSM-5 n-bond and delta clusters, respectively. 
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Figure 3.4: The dependence of reaction energies for the tautomerization of acetone in various 
size clusters of HY (A & B) and HZSM-5 (C & D); n-bond clusters (A & C) and delta 
clusters (B & D). All values shown in black correspond to optimized reaction energies and 
those in red to single point energy differences.  The dashed green lines represent the zone of 
convergence to chemical accuracy (± 1 kcal/mol). 	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 In both zeolites, the converged single-point reaction energies using n-bond 
clusters agree well with the corresponding energies obtained using delta clusters. In 
Figure 3.4A, single point energies in n-bond clusters of HY converge to 12.0 kcal/mol 
when n ≥ 5. The HY delta clusters mirror the same trend for the single-point energy 
differences (Fig. 3.4B). When δ ≥ 4 Å, single-point energy differences converge to ~12.2 
kcal/mol (Fig. 3.4B). In the case of HZSM-5 the single-point energies of the n-bond 
clusters converge to ~33.0 kcal/mol for values of n ≥ 5 (Fig. 3.4C). This convergence 
trend is mirrored by the single-point energy differences in the delta clusters (Fig. 3.4D). 
When δ ≥ 4 Å, energy differences converge to ~33.5 kcal/mol in HZSM-5 (Fig. 3.4D). 
Although the single-point energy differences converge to the same value with both 
approaches, it is important not to over-interpret the results of single-point energy 
calculations. Since single points do not provide optimized geometries they are utilized 
only as a tool to gauge convergence of long-range interactions.  
 Optimized reaction energies of selected n-bond and delta clusters of HY and 
HZSM-5 reveal similar convergence trends with respect to system size (see Fig. 3.4A, B 
& 3.4C, D)). In n-bond clusters of HY and HZSM-5, reaction energies converge to 18.8 
kcal/mol and 20.5 kcal/mol, respectively (Fig. 3.4A & 3.4C). In delta-clusters of HY and 
HZSM-5, energies converge to  ~19.5 kcal/mol and 21.0 kcal/mol, respectively (Fig. 
3.4D and 3.4B, respectively). Both of our approaches to cluster construction yield 
optimized reaction energies in the two zeolites that agree well with the previously 
determined reaction energies at the same model chemistry. 5, 29 Migues et al. reported 
20.3 and 18.4 kcal/mol for a 30T cluster of HY, and a 37T cluster of HZSM-5, 
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respectively.29 Boekfa et al. reported essentially identical results in a 34T cluster of 
HZSM-5.5 
 Although the two approaches converge to accurate reaction energies for both 
zeolites, they do not converge at the same system size.  In fact, the optimizations reveal 
that the n-bond clusters of HZSM-5 do not converge until n ≥ 7 (Fig. 3.4C); a 47T 
cluster. In comparison, the delta clusters of HZSM-5 converge when δ ≥ 4.0 Å (Fig. 
3.4D); this system size corresponds to 14T. Similarly in HY, delta clusters converge at 
smaller system sizes compared to n-bond clusters. In Figure 3.4B, optimized reaction 
energies in HY converge when δ ≥ 4.0 Å (10T) compared to n-bond clusters where 
convergence is not reached until    n ≥ 4.0 Å (14T). Our results demonstrate that clusters 
constructed using the multi-centered spherical cutoffs converge reaction energies for the 
tautomerization of acetone in HZSM-5 and HY at smaller system sizes than the 
corresponding n-bond clusters.  
 
3.3.2 Protonation of Furan in Cluster Models of HZSM-5 
 In this reaction, the Brønsted acid site in HZSM-5 donates a proton to an adsorbed 
furan at its C2 position, forming a positively charged intermediate27. Figure 3.5 shows 
single-point energy differences and optimized reaction energies for the protonation 
reaction of furan in n-bond (Fig. 3.5A) and delta clusters (Fig. 3.5B) of HZSM-5. Both 
methods of cluster construction agree reasonably well with each other.  
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Figure 3.5:  The dependence of reaction energies for the protonation of furan in various size 
clusters of HZSM-5; n-bond clusters (A) and delta clusters (B). In both 5A & 5B, values 
shown in black correspond to optimized reaction energies and those in red to single-point 
energy differences. The dashed green lines represent the zone of convergence to chemical 
accuracy (± 1 kcal/mol). 	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 In Figure 3.5A, single-point energies converge to ~ –5.4 kcal/mol at values of n ≥ 
7 in HZSM-5. Optimizations reveal similar convergence trends at n ≥ 7 with reaction 
energies of ~10.0 kcal/mol (Fig. 3.5A).  Recall that n = 7 corresponds to a total system 
size of 47 tetrahedral units of HZSM-5.  In Figure 3.5B, single point energies converge to 
~ –5.0 kcal/mol at δ ≥ 4.5 Å, and optimized energies converge to ~7.2 kcal/mol at smaller 
values of δ (δ=4.0 Å). In this reaction system, a value of δ = 4 Å corresponds to a system 
size of 20T.  
 Both of the approaches to cluster construction, n-bond and delta, yield reaction 
energies for the protonation reaction of furan that compare reasonably well to the 
previously reported value of 12.7 kcal/mol in HZSM-5.27 In this previous study, an 
embedded (ONIOM) approach was followed using a 132T QM/MM cluster of HZSM-5, 
in which an 11T layer was treated quantum mechanically. Our results for the protonation 
of furan in HZSM-5 also demonstrate that delta clusters converge reaction energies at 
smaller system sizes compared to n-bond cluster models.  
 
3.3.3 Ring Opening of Furan in Cluster Models of HZSM-5 
 Furan adsorbed in HZSM-5 can also be transiently protonated at the O1 site, 
leading to a neutral ring-opened product.27 Figure 3.6 shows single-point and optimized 
reaction energies for the ring opening of furan in n-bond (Fig. 3.6A) and delta clusters 
(Fig. 3.6B) of HZSM-5.  
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Figure 3.6:  The dependence of reaction energies for the ring opening of furan in various size 
clusters of HZSM-5; n-bond clusters (A) and delta clusters (B). In both 6A and 6B, values shown in 
black correspond to optimized reaction energies and those in red to single point energy differences. 
The dashed green lines represent the zone of convergence to chemical accuracy (± 1 kcal/mol). 	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 Single point energies for the ring-opening reaction appear to converge to ~26 
kcal/mol when n ≤ 7 (Fig. 3.6A). However at n = 8 a significant increase by ≥ 40 
kcal/mol is observed and persists until energies converge to ~123.0 kcal/mol for values of 
n ≥ 9. Upon optimization of the n-bond systems, this trend was not observed and energies 
quickly converged to ~ 18.6 kcal/mol when n ≥ 7 (Fig. 3.6A).  This behavior arises from 
the fact that the single-point studies on the ring-opened structure lock the product into a 
configuration that experiences severe steric repulsion with the opposite side of the 
HZSM-5 channel. As such, once the value of n increases to complete the channel, the 
reaction energy jumps precipitously. This may be viewed as an inherent limitation of 
studying single-points; instead, we view this as a limitation of the n-bond cluster 
construction method, as described below. 
 A similar trend in single point energies was not observed in cluster models 
constructed using multi-centered spherical cutoffs (Fig 3.6B). Even at the smallest values 
of delta, single point energy differences are >105 kcal/mol. When δ ≥ 4.0 Å, single point 
energies converge to ~123.4 kcal/mol and upon optimization energies converge to 18.5 
kcal/mol at δ ≥ 5.0 Å (Fig 3.6B). A value of δ = 5.0 Å corresponds to a system size of 
34T in HZSM-5, significantly smaller than the n-bond system sizes necessary to 
converge energies. These delta-cluster results show that the multi-centered spherical 
cutoffs method correctly constructed clusters that reveal the strong steric hindrance even 
for the smallest values of δ. 
 Our reaction energy for the ring opening of furan is significantly higher (by ~7.5 
kcal/mol) than the previously reported value of 11.0 kcal/mol.27 However the previous 
study used an embedded QM/MM approach to model HZSM-5. Although the total 
	   54  	  
system size was 132T, only an 11T subunit surrounding the active site was modeled at 
the B3LYP/6-311G(d,p) model chemistry and the Universal Force Field (UFF) was used 
for the remaining MM layer.27 Based on the excellent agreement between our computed 
reaction energies and those previously reported for the keto/enol tautomerization in 
HZSM-5 and HY at the same model chemistry,29 we suggest that methodological 
differences may account for the discrepancy between reaction energies computed via 
quantum cluster and QM/MM techniques. 
 
3.3.4 Generalized Protocol for Constructing Cluster Models of Zeolite Crystals 
 Here we describe a general procedure (Figure 3.7) for building zeolite clusters 
using the delta-cluster approach.  Once one has identified a (i) reaction of interest, (ii) the 
zeolite type, and (iii) the acid site location, X-ray coordinates for the zeolite can be 
downloaded. The zeolite coordinates along with initial guesses for the reactant and 
product adsorbed guest geometries can be fed into the automated cluster-building script 
which uses the Schrödinger Python API. Initially a multi-centered spherical cutoff of δ = 
7 Å should be applied to generate a large cluster, sufficient to further refine the guest 
molecule geometries (Fig. 3.7A). This choice of a 7 Å cluster represents a balance 
between the need to start with a large initial cluster to capture as many effects as possible, 
and the computational cost of pre-optimization on such a large cluster. After the δ = 7 Å 
“master” cluster is built, we suggest application of a low-level model (e.g., a generic 
force field such as UFF) to optimize the guest reactant and product geometries in a 
reasonable amount of time (Fig. 3.7B). Once the low-level optimization is complete, the 
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Python script is re-applied with a multi-centered spherical cutoff of δ = 5.0 Å to generate 
a smaller, converged production cluster (Fig. 3.7C) for use in higher-level optimizations. 
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Figure 3.7: Flowchart illustrating a general procedure for constructing delta clusters of  zeolites. 
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3.3.5 Thermodynamic Energy Corrections 
 We have determined the Gibbs energies of reaction in select delta clusters within 
the harmonic oscillator approximation (Figs. 3.8 &3.9), and have also implemented 
dispersion corrections using the Grimme24 approach (Figs. 3.9-3.14). These were not 
found to influence the reported trends. 
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3.3.5.1 Gibbs Corrected Reaction Energies 
 
 
 
 
 
 
 
 
 
Figure 3.8: Reaction energies for the tautomerization of acetone in various size delta clusters 
of HZSM-5 (shown top). Reaction energies for the tautomerization of acetone in various size 
delta clusters of HY (shown bottom). Values shown in black correspond to the B3LYP/6-
311G (d,p) optimized reaction energies and those in red correspond to B3LYP/6-311G (d,p) 
Gibbs reaction energies. 
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Figure 3.9: Reaction energies for the protonation of furan in various size delta clusters of 
HZSM-5 (shown top). Reaction energies for the ring-opening of furan in various size delta 
clusters of HZSM-5 (shown bottom). Values shown in black correspond to the B3LYP/6-311G 
(d,p) optimized reaction energies and those in red correspond to B3LYP/6-311G (d,p) Gibbs 
reaction energies. 
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3.3.5.2 Dispersion Corrected Reaction Energies 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10: Single point reaction energy differences for the tautomerization of acetone in 
various size n-bond clusters of HZSM-5 (shown top). Single point reaction energy 
differences for the tautomerization of acetone in various size n-bond clusters of HY 
(shown  bottom). Values shown in red correspond to B3LYP/6-311G (d,p) single point 
energies and those in black to D3 corrected single point energies.	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Figure 3.11: Single point reaction energy differences for the protonation of furan in 
various size n-bond clusters of HZSM-5 (shown top). Single point reaction energy 
differences for the ring-opening of furan in various size n-bond clusters of HZSM-5 
(shown bottom). Values shown in red correspond to B3LYP/6-311G (d,p) single point 
energies and those in black correspond to D3 corrected single point energies. 
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Figure 3.12: Single point reaction energy differences for the tautomerization of acetone in 
various size delta clusters of HZSM-5 (shown top). Single point reaction energy differences for 
the tautomerization of acetone in various size delta clusters of HY (shown bottom). Values 
shown in red correspond to B3LYP/6-311G (d,p) single point energies and those in black 
correspond to D3 corrected single point energies. 
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Figure 3.13: Single point reaction energy differences for the protonation of furan in various 
size delta clusters of HZSM-5 (shown top). Single point reaction energy differences for 
the ring-opening of furan in various size delta clusters of HZSM-5 (shown bottom). Values 
shown in red correspond to B3LYP/6-311G (d,p) single point energies and those in 
black correspond to D3 corrected single point energies. 
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3.4 Summary and Concluding Remarks 
 We have studied the convergence of zeolite cluster models due to the importance 
of simulating zeolite-catalyzed reactions, the presence of long-range interactions in 
zeolite-guest systems, and the general utility of finite cluster models. We have studied 
four reactions as platforms for understanding how convergence of reaction energies may 
vary for neutral → neutral and neutral → charged processes. In particular, we have 
applied DFT calculations to compute reaction energies for acid-zeolite-catalyzed 
processes related to the conversion of biomass: (1) the keto-enol tautomerization of 
acetone in HZSM-5 and HY and (2) the protonation and ring opening of furan in HZSM-
5.  To investigate cluster convergence, we have compared two rather distinct methods for 
building successively larger clusters: one method (denoted “n-bond”) is based on 
counting bonds from a catalytic site, while the other method (denoted “delta”) applies 
multi-centered spherical cutoffs from each guest reactant and product atom, and from the 
acid site. 
 We have investigated the convergence of reaction energies using both single-point 
calculations on clusters containing as many as 166 tetrahedral (T) atoms, and 
optimizations on clusters with as many as 78 T-atoms. For all the reactions we studied, 
the clusters generated with multi-centered spherical cutoffs yield converged reaction 
energies with smaller system sizes than by counting framework bonds. This method 
employing a single length scale (5 Å) converges reaction energies to within chemical 
accuracy (±1 kcal/mol), and includes between 15 and 34 T-atoms in the cluster depending 
on the process under study. Based on the general success of the delta-cluster method, we 
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suggest a general protocol for generating such clusters for subsequent use in 
computational zeolite science. 
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CHAPTER 4  
Density Functional Theory Study of Mixed Aldol Condensation Reactions Catalyzed 
by HZSM-5 
 
 
4.1 Introduction  
 In Chapter 3, we developed the delta cluster approach to constructing finite 
cluster models of zeolite crystals, in which contributions from slow-varying long range 
forces were convergent with respect to system size.51 The delta approach to constructing 
finite clusters provides a well-defined prescription and employs a single length scale (δ = 
5 Å) to converge reaction energies to within chemical accuracy (±1 kcal/mol)51. In 
Chapter 2, we focused on converging reaction energies in delta clusters and did not 
address convergence with respect to activation barriers.  Although delta cluster give 
convergent reaction energies at δ = 5 Å for reaction systems involving both charged and 
neutral species, it is not clear that such convergence trends with respect to delta will 
persist in the case of activation barriers. 
Here we have applied the delta cluster approach to model the mixed aldol 
condensation catalyzed by HZSM-5. We have examined two reaction systems relevant to 
biomass from our previous work29 (see Chapter 2) to understand the convergence of 
activation barriers using delta clusters of HZSM-5. First, we have examined the 
unimolecular tautomerization reaction of acetone (see Fig. 4.1), the rate-determining step 
in condensation, and second the bimolecular condensation between the enol and 
formaldehyde (see Fig. 4.1I), in which a new carbon bond is built. We find that in both 
reaction systems, a δ ≥ 4 Å cutoff is sufficient to converge barriers.  
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Figure 4.1: Reaction schemes for the keto-enol tautomerization of acetone (shown top) and the 
aldol condensation reaction between the acetone enol and (I) formaldehyde (II) furfural and (III) 
HMF. 	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We then proceed to investigate the relationship between activation energies and 
aldehyde size to understand the effect that increasing aldehyde size has on aldol 
condensation barriers. Moreover we seek to understand the effect confinement in the 
zeolite nanopore has on reaction mechanisms, compared to the homogeneous acid 
catalyzed mechanism (see Fig. 1.2).  In this vein, we have examined two aldehydes as 
reactants in the aldol condensation with acetone, furfural (see Fig. 4.1II) and 
hydroxymethylfurfural (HMF) (see Fig. 4.1III).  Furfural and HMF are biomass-derived 
feedstock chemicals, important in the production of octane grade fuels, and as precursors 
to plastics and other commodity organics52. Here we report activation barriers for the 
aldol condensation reaction between acetone and furfural and HMF in δ = 4 Å (~34T) 
cluster models of HZSM-5. 
 
4.2 Methods 
4.2.1 Reaction Processes   
In order to establish convergence of activation barriers in delta cluster models of HZMS-
5, we investigate the mixed aldol condensation reaction between acetone and 
formaldehyde in two steps: (i) keto-enol tautomerization of acetone (Fig. 4.1) and (ii) 
condensation between the acetone enol and formaldehyde (Fig. 4.1 I). We then proceed to 
model condensation between the enol and more biomass-relevant aldehydes, such as 
furfural and HMF in delta clusters of HZSM-5 (Fig. 4.1 II & III). 
 
4.2.2 Zeolite Models 
 In this study, we used delta clusters of zeolite crystals to model the acid catalyzed 
tautomerization of acetone (see Fig. 4.1) and subsequent aldol condensation with 
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formaldehyde, furfural and HMF (see Fig. 4.1 I, II & III).  All clusters of HZSM-5 were 
constructed following the delta approach51, outlined in Chapter 3. In short, this approach 
uses multi-centered spherical cutoffs – each centered about the guest molecule atoms and 
the zeolite Brønsted acid site oxygens – to incorporate all relevant zeolite framework 
atoms. For a more detailed description of the delta approach, the reader is referred to ref. 
51. Since this method requires a priori knowledge of the guest molecule coordinates and 
Brønsted acid site, the delta clusters generated are reaction specific. As such, initial 
coordinates for the guest molecules and Brønsted acid site oxygen atoms must be 
specified. Initial guest molecule coordinates, i.e. reactant and product geometries, for the 
tautomerization reaction of acetone and subsequent condensation with formaldehyde are 
taken from previously optimized clusters in our earlier studies of HZSM-5. 29 
 As in our previous work 23, 27, 29, the Brønsted acid site in HZSM-5 was chosen to 
be between Si(2) and Si(8), centered on O(13) (see Fig. 4.2). Due to its proximity to the 
intersection, O(13) is a catalytically relevant site.30 We note in Fig. 4.2 the zeolitic 
oxygen, O(13) is denoted as O1 for ease of numbering adjacent active site oxygens; these 
are not the crystallographically-sanctioned labels. Using Schrödinger’s automated Python 
API script, delta clusters are carved out of the periodic crystal with respect to the guest 
molecule and the Brønsted acid site oxygen atoms geometries and then terminated at 
either Si or O.31,32 Hydrogen atoms were used to cap terminal Si or O atoms and Si-H 
bond lengths were set to 1.4 Å., while O-H bond lengths were set to 0.9 Å. In all 
calculations, terminal –H and –OH groups were frozen in their crystallographic positions.  
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Figure 4.2: Two-dimensional representation of the Brønsted acid site in HZSM-5.  We denote 
the active site oxygens as O1, O2, O3 and O4 for simplicity; these are not the 
crystallographically-sanctioned labels in HZSM-5, in which the oxygen labeled O1 
corresponds to O(13). 
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4.2.3 Computational Details  
 The B3LYP35 hybrid density functional was used with the 6-311G(d,p)36 basis set 
as implemented in Gaussian0934. Accurate barriers for the acid-catalyzed aldol chemistry 
have been reported using the same model chemistry.29 All energies reported are bare 
potential energies. We have determined the Gibbs energy of activation in selected delta 
clusters within the harmonic oscillator approximation, and have also implemented 
dispersion corrections using the Grimme24 approach as implemented in the electronic 
structure program Jaguar38 (see Section 4.3.5); these were not found to influence the 
reported trends. Atomic charges were calculated using the Merz-Kollman procedure to 
reproduce the electrostatic potential39,40. 
 
4.2.3.1 Transition States in Delta Cluster of HZMS-5 
  Once various sized delta clusters were generated using previously optimized 
reactant/s and product geometries, initial guesses for transition state geometries were 
required. In the case of acetone tautomerization, the B3LYP confirmed transition state 
geometry from our previous work in a 37T cluster of HZSM-5 was used as an initial 
transition state guess in delta clusters29. In a similar fashion, the B3LYP confirmed 
transition state for the condensation reaction between the enol and formaldehyde, was 
also taken from our previous work in an 11T cluster of HZSM-529.   
As in our previous work (see Chapter 2), the semiempirical PM6 approach was 
used to quickly explore plausible transition state conformations. Before all transition 
states were located, a constrained optimization was performed, in which atoms involved 
in the reaction coordinate were frozen, allowing the remaining atoms to relax. In the case 
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of keto/enol acetone tautomerization, we followed the procedure outlined in our previous 
computational study29.  Specifically the acetone carbonyl oxygen, methyl carbon, the two 
involved protons and the zeolitic O1 and O2 atoms (see Fig. 4.2 for oxygen labels) were 
frozen at various configurations along a likely reaction coordinate, yielding different 
initial conditions for full transition state searches. In the case of condensation between the 
enol and formaldehyde, the constrained optimization involved freezing the coordinates of 
formaldehyde’s carbonyl oxygen, the enol’s alcohol group and the two participating 
carbon and hydrogen atoms at various configurations along the reaction coordinate. 
These constrained optimizations were followed by unconstrained transition-state 
searches. As in our previous work (see Chapter 2), transition states were located using the 
Berny Optimization algorithm42, confirmed as first-order saddle points by NMA, and by 
steepest-descent calculations to confirm that transition states connect with desired 
reactant and product minima. NMA was performed on all minima to confirm that they are 
true minima with all real vibrational frequencies. Confirmed transition states were then 
used as initial transition-state geometries in higher-level calculations using B3LYP/6-
311G(d,p). Once the B3LYP transition state was found in a given smaller delta cluster 
(e.g. δ  = 3 Å) and confirmed via NMA following the procedure outlined above, the 
corresponding transition-state geometry was then used as an initial transition state guess 
in larger delta clusters of HZSM-5.  
 
4.2.3.2 Locating Transition States for Furfural Condensation in HZSM-5.  
 Once the transition state for the condensation reaction between the enol and 
formaldehyde was located in a δ  = 4 Å cluster (see Fig. 4.3A), this transition state 
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geometry and cluster were subsequently used to locate transition states associated with 
furfural condensation.  First, locating the transition state for condensation between the 
enol and furfural required altering the transition state obtained with formaldehyde 
condensation.  Alteration involved changing a hydrogen atom on formaldehyde into a 
furan ring.  Once the hydrogen was transmuted to form furfural, a constrained 
optimization was performed at the PM6 level of theory.  In the optimization the Brønsted 
acid site oxygens and all of the atoms in the guest molecule were frozen, except for the 
furan ring. All other atoms were allowed to relax. Such a constrained optimization 
allowed the furan ring and zeolite framework to relax with respect to one another.  After 
the constrained optimization, an unconstrained transition state search was performed at 
the same level of theory. Once located and confirmed via NMA, steepest-descent 
calculations were employed to obtain the desired reactant and product geometries.   
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Figure 4.3: Delta clster models of HZSM-5 when δ = 4 Å (shown in tubes) built with respect to the 
reactant, product and Brønsted acid site oxygen geometries in the aldol condensation reaction 
between the enol and  (A) formaldehyde, (B) furfural and (C) HMF.  	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Next the reactant, product and zeolitic Brønsted acid site oxygen atom configurations 
were extracted from the δ  = 4 Å cluster, originally built for the condensation reaction 
with formaldehyde (see Fig. 4.3A). These geometries were then used to build delta 
clusters of HZSM-5 tailored to model the condensation reaction with furfural (Fig. 4.3B). 
A δ  = 4 Å cluster of HZSM-5, built about the reactant, product and Brønsted acid site 
oxygen atom geometries, was used to locate the transition state (see Fig. 4.3B).  The 
initial transition state geometry guess was extracted from the B3LYP calculation in the δ  
= 4 Å cluster, originally built for the condensation reaction with formaldehyde (see Fig. 
4.3A). Again constrained optimization in PM6 was performed, followed by 
unconstrained transition state searches. Once confirmed at the PM6 level, the transition 
state was then located at the B3LYP level of theory in a δ  = 4 Å cluster of HZSM-5 (Fig. 
4.3B). 
 
4.2.3.3 Locating Transition States for HMF Condensation in HZSM-5 
  Once the transition state for the condensation reaction between the enol and 
furfural was located in a δ  = 4 Å cluster (see Fig. 4.3B), the transition state geometry and 
δ  = 4 Å cluster were subsequently used to locate transition states associated with HMF 
condensation.  Similarly to the case of furfural, this first required altering the transition 
state.  Alteration to form HMF involved changing the hydrogen atom adjacent to the 
furanic oxygen on furfural into a methoxy group (CH2OH).  Once the hydrogen was 
transmuted to form HMF, a constrained optimization was performed at the PM6 level of 
theory.  Following a similar procedure to that outlined above with furfural, the Brønsted 
acid site oxygens and all of the atoms in the guest molecule were frozen, except for the 
methoxy group and the furan ring. All other atoms were allowed to relax. Such a 
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constrained optimization allowed the furan ring, methoxy group and zeolite framework to 
relax with respect to one another.  After the constrained optimization, a transition state 
search was performed at the same level of theory. Once located and confirmed via NMA, 
steepest-descent calculations were employed to obtain the desired reactant and product 
geometries.   
Next reactant, product and zeolitic Brønsted acid site oxygen configurations, were 
extracted from the δ  = 4 Å cluster (see Fig. 4.3B), originally built for the condensation 
reaction with furfural. These geometries were then used to build delta clusters of HZSM-
5 tailored to model the condensation reaction with HMF (Fig. 4.3C). A δ  = 4 Å cluster, 
built about the reactant/product and Brønsted acid site geometries obtained from the 
above procedure, was used to locate the transition state (Fig. 4.3C).  The initial transition 
state geometry guess was extracted from the B3LYP calculation in the δ  = 4 Å cluster, 
originally built for the condensation reaction with furfural (see Fig. 4.3B). Again 
constrained optimization in PM6 was performed, followed by unconstrained transition 
state searches. Once confirmed at the PM6 level, the transition state was then located at 
the B3LYP level of theory in a δ  = 4 Å cluster of HZSM-5 (Fig. 4.3C).  
 
4.3 Results and Discussion 
 Here we report our results for the aldol condensation reaction catalyzed by 
HZSM-5 in three main parts. Section 4.3.1, we report the gas phase activation barriers for 
the mixed aldol condensation for the three reactions. In Section 4.3.2, we discuss the 
convergence of activation barriers for acetone tautomerization and subsequent 
condensation with formaldehyde in delta (δ) clusters of HZSM-5. Section 4.3.3 details 
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barriers and discusses key mechanistic differences for the separate condensation reactions 
between the acetone enol with furfural and HMF, in δ  = 4 Å clusters of HZSM-5.  
 
4.3.1 Gas Phase, Uncatalyzed Aldol Condensations in HZSM-5 
 The formation of a new carbon-carbon bond in the gas phase mixed aldol 
condensation occurs in two concerted steps. First keto/enol tautomerization forms the 
nucleophilic enol. Second the new carbon-carbon bond is built when the enol reacts with 
an aldehyde. Here we report computed activation barriers for the gas phase aldol 
condensation between the acetone enol and formaldehyde, furfural and HMF.  
Previous studies have shown that the uncatalyzed, gas phase tautomerization is 
rate-determining in the gas phase aldol condensation reaction with formaldehyde29. These 
studies report tautomerization barriers of ~68 kcal/mol and ~13 kcal/mol for the reaction 
energy5, 29. The gas-phase tautomerization of acetone, having been extensively 
investigated computationally will not be discussed in detail here. Although the barrier for 
the gas phase condensation between formaldehyde and the acetone enol was determined 
to be 15 kcal/mol in our previous work25 (see Chapter 2), a discussion has been included 
both for clarity and comparison with barriers associated with furfural and HMF 
condensation. 
Figure 4.4 shows the potential energy diagram for the gas-phase condensation of 
the acetone enol with formaldehyde, furfural and HMF. Our results for the condensation 
reaction between the acetone enol and formaldehyde strongly agree with barriers and 
reaction energies from our previous work (see Chapter 2). The B3LYP/6-311G(d,p) 
activation energy for condensation between furfural and the acetone enol is 22.3 kcal/mol 
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and the reaction energy is  -9.4 kcal/mol.  The activation energy for condensation with 
HMF is 29.3 kcal/mol and the reaction energy is -2.2 kcal/mol. In Fig. 4.4 the trend 
between aldehyde size and increasing activation barrier is apparent. As the size of the 
aldehyde increases, starting from formaldehyde, barriers increase.  In Figure 4.4 the gas-
phase condensation barrier, for all aldehydes studied, is significantly less than that for 
tautomerization, consistent with the notion that tautomerization is the rate-determining 
step in the gas phase.  
Moreover the reaction energies become less exothermic, as the size of the 
aldehyde increases. The trend in increasing endothermicity with aldehyde size is due to 
the addition of electron donating groups to the carbonyl carbon.  In the case of 
formaldehyde, no electron donating groups are present (see Fig.4.1 I). However in the 
case of condensation with furfural or HMF an electron donating furan ring is attached to 
the carbonyl oxygen.  Additionally in HMF, a methoxy group attached to the furan ring 
(see Fig. 4.1 III ) is also electron donating. The gas phase reactivities of the aldehydes are 
directly related to the stablitly that the carbonyl carbon gains from the presence of the 
electron donating groups. As electron donating groups are added to the carbonyl carbon, 
more electron density flows into the positively charged carbon, stabilizing the charge and 
thus decreasing the reactivity of the compound.  
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Figure 4.4:  Reaction coordinate diagram for the gas-phase, uncatalyzed aldol condensation 
reactions involving the acetone enol and (I) formaldehyde, (II) furfural and (III) HMF.   	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4.3.2 Mixed Aldol Condensation Catalyzed in Delta Clusters of HZSM-5 
 In general, mixed aldol condensation reactions in acid zeolites begin with the 
adsorption and subsequent tautomerization of acetone at the Brønsted acid site29.  Once 
the enol has been formed it has been suggested that condensation proceeds via a 
concerted mechanism29. In the proposed mechanism, adsorption of the aldehyde to the 
zeolite Brønsted acid site and nucleophilic attack on the aldehyde by the enol occur 
simultaneously, restoring the carbonyl moiety on the ketone and regenerating the 
catalytic Brønsted acid site. Here we establish convergence of activation barriers for both 
keto-enol tautomerization and condensation in delta cluster models of HZSM-5. 
 The tautomerization of acetone in HZSM-5, having been extensively studied, will 
be used in the present work to assess the convergence of activation barriers obtained in 
delta clusters of HZSM-5. Previously computed acetone tautomerization barriers in 
HZMS-5 of ~20 kcal/mol, obtained in cluster models as large as 37T, serve as a 
comparison point for our work modeling tautomerization in delta clusters of HZSM-5.5, 29 
Also, the previously studied condensation reaction between tautomerized acetone and 
formaldehyde is used herein to gauge the accuracy of activation barriers obtained using 
the delta cluster approach to model aldol condensation. 
 Figure 4.5A shows the convergence of keto-enol tautomerization activation 
barriers in various sized delta cluster models of HZMS-5 (see Fig. 4.5B). In delta clusters 
of HZSM-5, barriers converge to ~20 kcal/mol even at small system sizes- corresponding 
to small values of δ. Even at small system sizes, the activation barrier agrees strongly 
with previous computational work that report barriers of ~20.5 kcal/mol. 5, 29  
 In Fig. 4.5C we report the convergence of activation barriers for the condensation 
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reaction between the acetone enol and formaldehyde in various sized delta cluster models 
of HZMS-5 (see Fig. 4.5D). Figure 4.5C shows that condensation barriers converge to 3.2 
kcal/mol at values of δ ≥ 4 Å, corresponding to a system size of  ≥ 20T. The obtained 
activation energy strongly agrees with the previously reported B3LYP/6-311G(d,p) 
barrier of 2.0 kcal/mol in a smaller, 11T cluster of HZSM-525. As shown in our previous 
work (see Chapter 2) this process although strongly catalyzed by HZSM-5, is not rate-
determining compared to the barriers associated with acetone tautomerization (~20.5 
kcal/mol). We find that in both reaction systems, that a δ ≥ 4 Å cutoff is sufficient to 
converge activation barriers to within chemical accuracy (±1 kcal/mol) in delta clusters of 
HZSM-5. 
   
   
	   82  	   
	  
 
 
 
 
Figure 4.5: The dependence of activation energies for the tautomerization of acetone in delta 
clusters of HZSM-5 (A). Delta cluster of HZSM-5 constructed about the reactant, product and 
Brønsted acid site oxygen atom configurations to model keto-enol tautomerization of acetone (B). 
The dependence of activation barriers for the condensation of formaldehyde with the acetone enol 
in delta clusters of HZSM-5 (C). Delta cluster of HZSM-5 constructed about the reactant, product 
and Brønsted acid site oxygen atom configurations to model the condensation reaction between 
the enol and formaldehyde (D). In both A & B the zone of convergence to within chemical 
accuracy with respect to system size (± 1 kcal/mol) is shaded in green. 
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 We find that, unlike the case of homogeneous acid catalysis, the condensation 
mechanism is concerted in HZSM-5. In delta clusters of HZSM-5, we find that 
formaldehyde activation and carbon-carbon bond formation occur simultaneously. In the 
homogeneous acid catalyzed mechanism aldehyde activation and carbon carbon bond 
formation occur in two distinct steps (see Chapter 1, Fig. 1.2). Our results agree with the 
proposed mechanism in our previous study using a smaller,  11T cluster model of HZSM-
5 (see Chapter 2)29. However, the condensation mechanism observed in our previous 
work, involved regenerating the Brønsted acid site at the zeolitic O(1) position in HZSM-
5 (see Fig. 4.2 for oxygen labels).  In delta clusters of HZSM-5 we find that the 
condensation mechanism regenerates the Brønsted acid site at the zeolitic O(4) position 
(see Fig. 4.2 for oxygen labels).  
 
4.3.3 Mixed Aldol Condensation with Furfural catalyzed by HZSM-5 
 Figure 4.6 shows the potential energy diagram for condensation between the 
acetone enol and furfural in a δ = 4 Å cluster of HZSM-5. The concerted reaction 
mechanism, observed in condensation with formaldehyde, is also observed in the case of 
furfural condensation in HZMS-5. The B3LYP/6-311G(d,p) activation energy for this 
process is 4.6 kcal/mol with an exothermic reaction energy of -10.5 kcal/mol (see Fig 
4.8).  While this barrier is significantly lower than the corresponding gas phase reaction 
(see Fig. 4.4), it is only slightly higher (+1.4 kcal/mol) compared to condensation with 
formaldehyde in HZSM-5 (Fig. 4.6).  As such, acetone tautomerization remains rate-
determining in the overall condensation reaction with furfural. In agreement with gas 
phase trends, the zeolite catalyzed reaction energy for condensation with furfural is more 
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endothermic compared to that of formaldehyde (Fig. 4.4 and 4.8). However reaction 
energy differences with respect to the gas phase remain relatively unchanged. 
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Figure 4.6  Reaction coordinate diagram for the gas-phase aldol condensation reactions 
involving the acetone enol and (I) formaldehyde, (II) furfural and (III) HMF catalyzed by 
HZSM-5.  All reported energies are obtained in δ = 4 Å clusters of HZSM-5. 	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At the transition state, all atoms labeled in Fig. 4.7A & B are involved in the imaginary 
reaction coordinate.  Associated with the motion of these eight atoms, are 10 geometric 
parameters: 8 bond distances and 2 bond angles (see Table 4.1). In order to assess 
whether the transition state obeys Hammond’s postulate or violates it, we have developed 
a simple approach based on defining a parameter λ = !!!!!!  , where x = geometric 
parameter (bond distance or angle) of the transition state geometry , a = geometric 
parameter (bond distance or angle) of the reactant geometry  and b = geometric parameter 
(bond distance or angle) of the product geometry. If  λ is greater than 0.5 the parameter in 
the transition state is more product-like, whereas if λ is less than 0.5 the parameter in the 
transition state is more reactant-like. If the transition state and reactant geometries are 
equivalent, then λ = 0. If the transition state and product geometries are equivalent, then λ 
= 1. We find in the case of condensation between the acetone enol and furfural that only 2 
of the parameters yield values of λ > 0.5  (the C2-C3 bond distance and the O6-H2-O2 
bond angle) and that most of the parameters are more reactant-like with values of λ < 0.5  
(see Table 4.1). As such we conclude that the transition state geometry is more like the 
reactant state geometry than the product geometry, in accordance with Hammond’s 
postulate for an exothermic reaction. 
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Table	   4.1:	   Reactant,	   transition	   state	   and	   product	   geometries	   for	   the	   condensation	  reaction	  between	  furfural	  and	  the	  acetone	  enol.	  
 
Atom Labels Reactant 
(a) 
Transition State 
(x) 
Product 
(b) λ 
O3-H1 2.20 Å 1.94 Å 1.57 Å 0.415  
H1-O5 0.97 Å 0.98 Å 1.03 Å 0.130  
O3-H1-O5 124.2° 134.3° 156.6° 0.312  
O5-C1 1.35 Å 1.33 Å 1.26 Å 0.282  
C1-C2 1.34 Å 1.36 Å 1.47 Å 0.151  
C2-C3 3.59 Å 2.47 Å 1.58 Å 0.555  
C3-O6 1.27 Å 1.29 Å 1.40 Å 0.133  
O6-H2 1.05 Å 1.02 Å 0.98 Å 0.407  
H2-O2 1.49 Å 1.56 Å 1.78 Å 0.233  
O6-H2-O2 165.0° 160.8° 157.6° 0.568 
Where,  λ = !!!!!!   
If λ > 0.5 then transition state parameter is more product-like. 
If  λ < 0.5 then transition state parameter is more reactant-like. 
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Figure 4.7: Structures for the reactant pair (A) and aldol product (B) from the condensation 
reaction between furfural and the acetone enol in HZSM-5.  Structures for the reactant pair 
(C) and aldol product (D) from the condensation reaction between HMF and the acetone 
enol in HZSM-5.   
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4.3.4 Mixed Aldol Condensation with HMF catalyzed by HZSM-5 
Figure 4.6 shows the potential energy diagram for condensation between the 
acetone enol and HMF in a δ = 4 Å cluster of HZSM-5. The concerted reaction 
mechanism, observed in condensation with formaldehyde and furfural, is also observed in 
the case of HMF condensation in HZMS-5. The B3LYP/6-311G(d,p) activation energy 
for this process is 2.6 kcal/mol with an exothermic reaction energy of -10.6 kcal/mol (see 
Fig 4.6).  This barrier is significantly lower than the corresponding gas phase reaction 
(see Fig. 4.4), however it is only slightly lower (-1.4 kcal/mol) than the corresponding 
barrier with furfural in HZSM-5 (Fig. 4.6). Although the barrier is lower than both the 
gas phase reaction and condensation with formaldehyde or furfural, it is still significantly 
lower than the barrier for acetone tautomerization (~20.5 kcal/mol) in HZSM-5. As such, 
acetone tautomerization remains rate-determining in the overall condensation reaction 
with HMF.   
In agreement with the gas phase trends, the zeolite catalyzed reaction energy for 
condensation with HMF is more endothermic compared to that of formaldehyde (Fig. 4.4 
and 4.6). However, unlike the case of furfural condensation, the gas phase trend of 
increasing endothermicity with increasing reactant size is not recovered for the zeolite-
catalyzed condensation of HMF. Counterintuitively, the reaction energy is equivalent to 
that for furfural condensation (~ -10.5 kcal/mol).  
The reaction energies for condensation from our delta cluster models are 
influenced by attractive interactions with the Brønsted acid site oxygens and the zeolite 
pore. In the case of furfural condensation the furanic oxygen is significantly further away 
from the Brønsted acid site oxygen, O1 (see Fig. 4.8 for oxygen labels), compared to the 
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case of HMF condensation.  In condensation with furfural the furanic oxygen and 
Brønsted acid site oxygen (O1 in Fig. 4.8) are 3.70Å apart. However in condensation 
with HMF the furanic oxygen and Brønsted acid site oxygen (O1 in Fig. 4.8) are 
significantly closer to one another at a distance of 2.99Å.  
To understand this difference we consider atomic charges. We have computed the 
Merz-Kollman charges of the reactants in the case of condensation between the acetone 
enol with furfural or HMF (see Figure 4.8 A & B respectively). Conventional wisdom 
dictates that the furanic oxygen in both furfural and HMF will be negatively charged.  
Our calculations reveal that the furanic oxygen in furfural is negatively charged (see 
Figure 4.8A). Counterintuitively we find that the furanic oxygen in HMF is positively 
charged (see Figure 4.8B).  In the case of condensation with furfural, the negatively 
charged furanic oxygen repels the guest molecule from the negatively charged acid site 
oxygen, O1 (Fig.4.8A), and pore wall. However in the condensation reaction with HMF, 
the opposite occurs and the positively charged furanic oxygen is not repelled but attracted 
to the negatively charged acid site oxygen, O1 (Fig. 4.8B), and pore wall.  The attractive 
interaction between HMF and the zeolite Brønsted acid site oxygen imparts stabilization 
to HMF as compared to furfural.  
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Figure 4.8: Merz-Kollman atomic charges for the aldehydes in the condensation reaction between 
the acetone enol with furfural or HMF (A) furfural and (B) HMF shown with the Brønsted acid site.  	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At the transition state all atoms labeled in Fig. 4.7C & D, except for those labeled 
O7, H3 and O1, are involved in the imaginary reaction coordinate.  As in the case of 
condensation with furfural, associated with the motion of these eight atoms are 10 
geometric parameters (see Table 4.2). In section 4.3.3 we defined a parameter, λ, as a 
simple approach to determine if the transition state obeys Hammond’s postulate. We find 
in the case of condensation between the acetone enol and HMF that only 2 of the 
geometric parameters yield values of λ > 0.5 (the C2-C3 distance and the O3-H1-O5 
angle).  Most of these parameters yield values of λ < 0.5 and are thus more reactant-like 
(see Table 4.2). As such we conclude that the transition state geometry in the case of 
condensation between the acetone enol and HMF is more reactant-like, obeying 
Hammond’s postulate for an exothermic reaction. 
 Table	   4.2:	   Reactant,	   transition	   state	   and	   product	   geometries	   for	   the	   condensation	  reaction	  between	  HMF	  and	  the	  acetone	  enol. 
Atom Labels Reactant 
(a) 
Transition State 
(x) 
Product 
(b) Λ 
O3-H1 2.05 Å 1.83 Å 1.51 Å 0.417  
H1-O5 0.97 Å 0.98 Å 1.05 Å 0.152  
O3-H1-O5 134.0° 146.1 156.8° 0.531 
O5-C1 1.35 Å 1.32 Å 1.26 Å 0.309  
C1-C2 1.34 Å 1.36 Å 1.47 Å 0.163  
C2-C3 3.56 Å 2.44 Å 1.58 Å 0.564  
C3-O6 1.28 Å 1.30 Å 1.40 Å 0.144  
O6-H2 1.04 Å 1.01 Å 0.98 Å 0.459  
H2-O2 1.52 Å 1.60 Å 1.81 Å 0.294  
O6-H2-O2 164.0° 158.8 152.8° 0.464 
O7-H3 0.97 Å 0.97 Å 0.97 Å N/A  
H3-O1 2.02 Å 2.02 Å 2.09 Å N/A  
O7-H3-O1 155.2° 154.7° 154.3° N/A 
Where,  λ = !!!!!!   
If λ > 0.5 then transition state parameter is more product-like. 
If  λ < 0.5 then transition state parameter is more reactant-like. 
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4.3.5 Thermodynamic Energy Corrections 
 All energies reported are bare potential energies. We have determined the Gibbs 
energy of activation in select delta clusters studied within the harmonic oscillator 
approximation (Figs. 4.8- 4.9), and have also implemented dispersion corrections (Figs. 
4.10- 4.11) using the Grimme24 approach as implemented in the electronic structure 
program Jaguar38; these were not found to influence the reported trends. 
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4.3.5.1 Gibbs Corrected Activation Barriers 
 
 
 
	  
Figure 4.9: Activation energies for the tautomerization of acetone in delta clusters of HZSM-5. 
Values shown in black correspond to B3LYP/6-311G (d,p)  optimized activation energies and 
those in red correspond to B3LYP/6-311G (d,p) Gibbs activation energies. 	  
	  
Figure 4.10: Activation energies for the condensation reaction between the acetone enol and 
formaldehyde in delta clusters of HZSM-5. Values shown in black correspond to B3LYP/6-
311G (d,p)  optimized activation energies and those in red correspond to B3LYP/6-311G 
(d,p) Gibbs activation energies. 	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4.3.5.2 Dispersion Corrected Activation Barriers 
 
 
	  
Figure 4.11: Activation energies for the tautomerization of acetone in delta clusters of HZSM-5. 
Values shown in black correspond to B3LYP/6-311G (d,p)  optimized activation energies and 
those in red correspond to B3LYP/6-311G (d,p) D3 corrected activation energies. 
 	  
	  
Figure 4.12: Activation energies for the condensation reaction between the acetone enol and 
formaldehyde in delta clusters of HZSM-5. Values shown in black correspond to B3LYP/6-
311G (d,p)  optimized activation energies and those in red correspond to B3LYP/6-311G 
(d,p) D3 corrected activation energies. 
 
 
	   96  	  
4.4 Summary and Concluding Remarks 
 
We have applied DFT calculations to investigate the acid-zeolite-catalyzed mixed 
aldol condensation of acetone with various aldehydes in delta clusters of HZSM-5. We 
have used two reactions, relevant to biomass conversion, as platforms to establish 
convergence of activation barriers using delta clusters. First, we have examined the 
unimolecular tautomerization reaction of acetone, the rate-determining step in 
condensation, and second the bimolecular condensation between the enol and 
formaldehyde, in which a new carbon-carbon bond is built. We find that in both reaction 
systems, that a δ ≥ 4 Å cutoff is sufficient to converge activation barriers to within 
chemical accuracy (±1 kcal/mol) in delta clusters of HZSM-5.  
We have modeled the aldol condensation between the enol and more relevant 
biomass-derived aldehydes, furfural and HMF, in δ = 4 Å (~34T) cluster models of 
HZSM-5. We report barriers for condensation between the enol and furfural or 
hydroxymethylfurfural as 4.6 kcal/mol and 2.6 kcal/mol, respectively.   We conclude that 
the keto/enol tautomerization of acetone remains rate-determining even in the case of 
condensation with furfural or hydroxymethylfurfural.  We have discovered that unlike the 
case of homogeneous acid catalysis, the mechanism for the condensation step in HZSM-5 
is concerted.  We find that aldehyde activation and carbon-carbon bond formation occur 
simultaneously in HZSM-5. Moreover, in delta clusters of HZSM-5 we find that the 
Brønsted acid site is regenerated at the zeolitic O(4) position, instead of the zeolitic O(1) 
position of the previously proposed mechanism in an 11T cluster of HZSM-5.  
We have used a simple method to analyze the geometrical parameters involved in 
the imaginary reaction coordinate for the reactant, product and transition state in the 
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condensation reaction. We have concluded, from our analysis, that the transition state 
geometry is closer to the reactant state geometry than to that of the product. As such, we 
find that the exothermic condensation reaction between the acetone enol and either 
furfural or HMF obeys Hammond’s postulate and that the transition state occurs early in 
the reaction.  
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CHAPTER 5  
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 
 
 
5.1. Conclusions 
5.1.1 Mixed Aldol Condensation catalyzed by HZSM-5 and HY 
 We applied DFT to investigate the mixed aldol condensation of acetone and 
formaldehyde in acid zeolites HZSM-5 and HY, as a prototypical bond-forming reaction 
in biofuel production. We modeled the acid-catalyzed reaction in HZSM-5 and HY in 
two steps: keto/enol tautomerization of acetone, and bimolecular condensation between 
formaldehyde and the acetone enol. For both acid zeolites, the keto/enol tautomerization 
of acetone was found to be the rate-determining step, consistent with the accepted 
mechanism in homogeneous acid-catalysis. Convergence studies of the activation energy 
for keto/enol tautomerization, with respect to cluster sizes of HZSM-5 and HY, exhibit 
rather different convergence properties for the two zeolites. The keto/enol activation 
energy was found to converge in HY to ~20 kcal/mol for a cluster with 11 tetrahedral 
atoms (11T cluster), which does not complete the HY supercage. In contrast, the 
activation energy for HZSM-5 reaches an initial plateau at a value of ~28 kcal/mol for 
clusters smaller than 20T, and then converges to ~20 kcal/mol for clusters of size 26T or 
greater, well beyond the completion of the HZSM-5 pore. As such, completing a zeolite 
pore surrounding a Brønsted acid site may be insufficient to converge activation energies; 
instead, we recommend an approach based on converging active-site charge. 
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5.1.2 Rational Design of Zeolite Clusters 
 We have applied DFT calculations to systematically investigate zeolite cluster-
size convergence for two acid-zeolite-catalyzed processes related to the conversion of 
biomass: (1) the keto-enol tautomerization of acetone in HZSM-5 and HY, and (2) the 
protonation and ring opening of furan in HZSM-5. We have used these reactions as 
platforms to study two different approaches for constructing successively larger cluster 
models of zeolites, with the aim of determining a protocol that converges the energy 
differences with minimal system size. One approach for cluster design involves counting 
framework bonds from the Brønsted acid-site aluminum atom. Another approach 
involves applying multi-centered spherical cutoffs based on geometries of the zeolite 
active site, the adsorbed reactant, and the adsorbed product. We have investigated the 
convergence of reaction energies using single-point calculations on clusters containing as 
many as 166 tetrahedral (T) atoms, and geometry optimizations on clusters with as many 
as 78 T-atoms. For all reactions studied, convergence rates of single-point reaction 
energies agree well with those from geometry-optimized clusters. In addition, converged 
and optimized reaction energies agree well with previously published values for all 
reactions. Our central finding is that clusters generated with multi-centered spherical 
cutoffs yield converged reaction energies with smaller system sizes than clusters 
generated by counting framework bonds. This method, employing a single length scale (5 
Å), converges reaction energies with respect to system size to within chemical accuracy 
(±1 kcal/mol), and includes between 15 and 34 T-atoms in the cluster depending on the 
process and zeolite framework under investigation. We suggest a general protocol for 
	   100  	  
generating such clusters for subsequent use in computational studies of zeolites and other 
heterogeneous catalysts. 
 
5.1.3 Mixed Aldol Condensation Reactions Catalyzed by HZSM-5 
 We have applied DFT calculations to investigate the acid-zeolite-catalyzed mixed 
aldol condensation of acetone with various aldehydes in delta clusters of HZSM-5. We 
have used two reactions, relevant to biomass conversion, as platforms to establish 
convergence of activation barriers using delta clusters. We find that in both reaction 
systems, that a δ ≥ 4 Å cutoff is sufficient to converge activation barriers to within 
chemical accuracy (±1 kcal/mol) in delta clusters of HZSM-5.  
We have modeled the aldol condensation between the enol and more relevant 
biomass-derived aldehydes, furfural and hydroxymethylfurfural (HMF), in δ = 4 Å 
(~34T) cluster models of HZSM-5. We have discovered that unlike the case of 
homogeneous acid catalysis, the mechanism for the condensation step in HZSM-5 is 
concerted.  We report barriers for condensation between the enol and furfural or 
hydroxymethylfurfural as 4.6 kcal/mol and 2.6 kcal/mol, respectively.   We conclude that 
the keto/enol tautomerization of acetone remains rate-determining even in the case of 
condensation with furfural or hydroxymethylfurfural.  
 
5.2 Suggestions for Future Work 
 A central finding of our work, presented in Chapters 2 and 4, has been that 
the keto-enol tautomerization of acetone is rate-determining in the mixed aldol 
condensation reaction in HZSM-5 and HY, with a activation barriers of ~20 kcal/mol for 
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both zeolites. Given that HZSM-5 and HY are strong Brønsted acids, it is unlikely that 
the barrier for tautomerization would be lower in another zeolite framework with similar 
Brønsted acidity.  Since zeolites are known to exhibit Lewis acid properties, a clear 
extension of our work would be to study the rate-determining, keto-enol tautomerization 
of acetone catalyzed by zeolites possessing strong Lewis acid sites. We hypothesize that 
the presence of a Lewis acid will change the reaction mechanism associated with the 
tautomerization of acetone. Such an alternative could provide a reaction path, in which 
the barrier to form the reactive enol could be significantly lower than that of HZSM-5. As 
such, future work should address the following key questions: 
• How do zeolites with Lewis Acid sites catalyze keto-enol tautomerization 
reactions? 
• How does the mechanism change? 
• What role does the Lewis Acid play in catalysis? 
 In order to investigate possible reaction mechanisms for acetone tautomerizaion in 
Sn-substituted ZSM-5, viable guesses as to the geometry of the active site and the 
transition state must first be generated. In Figures 5.1 and 5.2, two plausible reaction 
pathways are suggested for future study.  The proposed mechanism in Figure 5.1 is based 
on the concerted, uncatalyzed gas phase reaction mechanism (see Fig. 2.3), in which 
acetone self-donates a proton from a methyl group to the carbonyl oxygen to form the 
enol.  It is hypothesized that the mechanism in Sn-substituted ZSM-5 could be similar to 
that of the uncatalyzed, gas phase reaction and that the compound’s interaction with Sn 
will facilitate more facile proton transfer  (from the methyl on acetone to the carbonyl 
carbon).  
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 A non-concerted mechanism is proposed in Figure 5.2. In this mechanism a defect 
must be first be introduced into the zeolite framework (see Fig 5.2A, B & C), by 
deprotonation of the methyl group by an active site oxygen. Preliminary calculations 
suggest that protonation of an active site oxygen could break the Sn-O bond (see Fig. 
5.2C). Once the  –OH group has been formed on the acid site oxygen, the hydrogen can 
then transfer to the carbonyl oxygen and form the enol. Although this mechanism is not 
concerted and involves two transition states and an intermediate, the barriers associated 
with each step could be lower than the barrier associated with tautomerization in HZSM-
5. Lowering the barrier associated with acetone tautomerization would represent a 
significant step in biofuel refinement.   
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Figure 5.1: Proposed mechanism for the tautomerization of acetone in Sn-substituted HZSM-5. 
Reactant state (acetone ) , transition state and product  
state (acetone enol) are shown in A, B, C respectively.
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Figure 5.2: Proposed reaction mechanism for the tautomerization of acetone in Sn-substituted 
HZSM-5. Reactant state (acetone), intermediate state and product state (acetone enol) are shown 
in A , C & E respectively. Transition states 1 and 2 are shown in B & D, respectively.   	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